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I. Introduction.
A. Statement of Problem.
The lack of accurate thermodynamic data for compounds 
of phosphorus has always been a considerable handicap to 
understanding the complex reactions undergone by many of 
these compounds. In particular? the data on sodium 
phosphates and polyphosphates has been confined to a few 
standard heats of formation determined towards the end 
of the nineteenth century. No heat capacity measurements 
suitable for entropy determinations have been recorded 
for any sodium phosphates? and the few equilibrium studies 
which have been carried out serve more to illustrate the 
inaccuracies of the existing thermodynamic data than to 
supplement these same.
In this thesis are described experiments leading to 
accurate heats of formation of a number of sodium phosphates.
A start has also been made upon determining the standard 
entropies of these and other compounds of phosphorus? and 
an attempt has been made to reconcile practical observations 
and equilibrium data with independent free energy calculations 
based upon the results of this work. As a necessary 
prerequisite the standard heat of formation of aqueous 
orthophosphoric acid has been determined. Also from low
temperature heat capacity measurements the standard 
entropy of phosphorus pentoxide (hexagonal form) has 
been derived and with appropriate calculation based upon 
these results entropy data for the gaseous form of 
phosphorus pentoxide has been obtained0
B. Key Thermodynamic Data from Phosphorus Compounds.
In order to obtain accurate standard heats of 
formation for the various sodium phosphates* it was 
necessary to use reaction schemes involving a compound of 
phosphorus for which the standard heat of formation is 
reliable and accurate. The only appropriate substance 
was phosphorus pentoxide (hexagonal form) since this had
i
been the subject of recent intensive investigation 
yielding a reliable value for the standard heat of 
formation. For routine use it is unfortunate that
this material is difficult to handle and prepare in a
purified form and consequently it was necessary to
determine the standard heat of formation of aqueous
orthophosphoric acid from a reaction scheme involving
hydrolysis of phosphorus pentoxide to orthophosphoric
acid. The use of aqueous orthophosphoric acid greatly
facilitated the type of reaction scheme required for
subsequent work with the sodium phosphates. In addition*
since very nearly all compounds of phosphorus can
ultimately be hydrolysed and/or oxidised to orthophosphoric
acid* this is probably the most useful material to involve
in calorimetric reaction schemes concerning phosphorus
compounds wherever appropriate. In view of the importance
of this datum it is surprising that until very recently
2 ? 3
only two values had been directly determined
Both hexagonal phosphorus pentoxide and phosphoric 
acid are key compounds for thermodynamic measurements 
involving phosphorus compounds. As previously mentioned 
the heat of formation of hexagonal phosphorus pentoxide
c^fceFOv-uY 4.
has been ^-Goa-gabely- measured and Egan et al have 
determined the standard entropy and heat of fusion of
orthophosphoric acid. It was a purpose of this work to
extend these measurements in order to provide fuller
thermodynamic data for both these compounds - to this
end the standard entropies of solid (hexagonal) and
gaseous phosphorus pentoxide have been determined over
a wide range of temperature5 critical appraisal of
5~i 1
vapour pressure data in the literature with third
law treatment has provided a reliable value for the 
standard heat of sublimation of hexagonal phosphorus 
pentoxide (and hence the standard heat of formation of 
the ideal gas).
To complete the essential data for phosphoric acid 
the standard heat of formation has been measured 
(referred to hexagonal phosphorus pentoxide).
C, Earlier Work.
(i) Heat Capacity and Entropy Measurements.
No low temperature heat capacity measurements have 
been previously published for any of the sodium phosphates 
or for phosphorus pentoxide - although unpublished
measurements on phosphorus pentoxide (hexagonal form)
by the Dow. Chemical Company are quoted in the JANAF
1 2
Thermochemical tables . These were made over the
range 15 to 310°K and yielded a value for the standard
o ~i
entropy S298 = 56 »0 ±1.5 cal.deg. mole . High
temperature^ heat capacity measurements upon this same
1 3
compound* determined by Frandsen and tabulated by 
1 4
Kelley are suspect* since at the temperatures involved
1 5
the hexagonal form would change to more stable forms
Several estimates of the standard entropy of hexagonal
1 6“ i 9
phosphorus pentoxide have been made * and are summarised
in Table (1). Also in the same tabulation are the
various values derived for the standard entropy of
1 2 ,-i 7 * 2oa
phosphorus pentoxide ideal gas * these being
obtained by statistical calculation based upon known
21
band lengths and angles (of the hexagonal solid)* and
2 2 * 2 3  1 2 , 2 0
both experimental and estimated values for
fundamental vibrational frequencies. (Again the
experimental data applies to the hexagonal solid).
6.
TABLE 1
ENTROPY OF HEXAGONAL P ^Om
AUTHOR S 298 cal, deg.
JANAF/DOW12 56.0 ± 1.5
TOPLEY17 51 ± 4
BREWER19 74
18RICHARDSON & JSFFES 67 ± 4
1 6
MARGRAVE 47.2
ENTROPY OF P„Q10 IDE.AL GAS
20a
HOLMES 93«2 ± 2
TOPLEY17 91.8 ± 6
JANAF/DOW12 92.4
. mole
(2) Standard heats of formation.
Earlier work on measurement of heats of reaction* 
in many cases quite precise and carefully carried out* 
often cannot be reconciled with modern redeterminations. 
There are many reasons for this state of affairs* though 
the most important are probably differences in reaction 
temperature and reactant concentration. In some cases 
the purity of materials and the accurate determination 
of impurity levels would cause considerable errors and 
this point is particularly valid for measurements 
involving some sodium phosphates. The precise method 
by which earlier operators allowed for heat interchange 
during the reaction process is often very difficult to 
elucidate* particularly for results prior to 1900. In 
some cases where a reaction temperature is actually 
defined* (for instance Thomsen worked at 18°C and 
Berthelot at 15°C) it is still impossible to adequately 
correct to the modern reference temperature of 25°C 
owing to the paucity of accurate heat capacity data for 
the appropriate solutions.
8.
For all those reasons it is not too surprising 
that the older determinations of heats of formation in 
many cases do not agree exactly with the results described 
in this thesis. It is precisely these small differences 
however? which are all important for calculation of the 
accurate equilibrium data required in the understanding 
of the reactions undergone by the sodium phosphates.
The various heats of formation obtained by earlier 
workers have been corrected to a reference temperature 
of 25°C wherever possible using heat capacity data 
described in Part III of this thesis and also recalculated 
using modern heats of formation*, including wherever 
appropriate key heats of formation obtained during this 
work. They are thus directly comparable with results 
obtained for this thesis.
The following heats of formation were used in 
the calculations s
COMPOUND AHf2 g g k 0cal
P 4010 ( Co HEX.) -719.359
H3P04.(ooH20) -310.15
NaIi2P04 (c) -368 0 96
Na2HP04. (c) -419.42
HC1 (oo H20) -39.96
NaOH( oo H2 0) -112.40
NaCl (c) -98.32
Heats of dilution of phosphoric , 
2 6
Luff and all other reference d. 
2 7
circular 500
Reference 
Egan & Luff 
This work.
Wagman
n
*r TX> MO^T€ 9V\CbP^O^OS AS STfcTt
(a) Orthophosphoric Acid.
2
Thomsen reacted an excess of elemental white 
phosphorus with aqueous iodic acid (H103.2400 H20).
The iodic acid was converted to hydriodic acid, the 
reacted phosphorus was converted to a mixture of 
phosphorous and phosphoric acids. Analysis of the 
resulting solution showed that from 1.60 to 1.63 gram 
atoms of phosphorus were consumed per gram mole of 
iodic acid? and that the process occurring in the 
calorimeter could be represented as
V6P (c.white) + 2.4H20(1) + HI03 (aq.2400 H20)  >
0.6 H3P04. (aq.) + H3PO3 (aq.) + HI (aq). 
Supplementary measurements involving oxidation of 
phosphorous acid with bromine enabled him to calculate
the heat of formation of aqueous orthophosphoric acid.
3
Giran's work on the combustion of white phosphorus 
was combined with experiments involving partial hydrolysis 
of the combustion product (amorphous phosphorus pentoxide) 
to give metaphosphoric acid and further experiments in 
which metaphosphoric acid was hydrolysed by sulphuric
acid to give orthophosphoric acidc The results of both
these workers were adjusted and corrected by Bichowsky 
2 8
and Rossini and later by the National Bureau of 
27
Standards , Table 2 collects the various data along
2 9
with a very recent determination by Holmes
Holmes dissolved and hydrolysed pure hexagonal 
phosphorus pentoxide in strong perchloric acid at 33°C? 
hydrolysis was complete in about thirty minutes. His 
reaction scheme was based upon the equation
P 4.0 io (C.HEX.) + 6H20 (1)----- => 4H3P04(c)
and appropriate heats of solution of water and crystalline 
orthophosphoric acid were carried out as well. Holmes 
found a very large variation in reaction heat for low 
concentrations of phosphorus pentoxide - for this reason 
only reaction heats at concentrations greater than 
10 m. moles P^Om litre have been considered. His 
values for heats of solution of water and phosphoric 
acid were also obtained over the appropriate concentration 
range. Recalculating his results gave a value for the 
reaction heat to the above equation. AHp33°C = -100.14 Kcal 
Correction to 2?°C alters this to -99.68 Kcals. and
HEAT OF FORMATION OF ORTHOPHOSPHORIC ACID (AQUEOUS)
AUTHOR KcalSo mole
THOMSEN 2
28
(BICHOWSKY & ROSSINI)
GIRAN3
28
(BICHOWSKY & ROSSINI)
N„B 0 S o CIRCULAR JOO27 
HOLMES29
(DATA RECALCULATED)
2 6
EGAN & LUFF
- 3 0 5 . 3 ( a q . )
- 3 0 6 . 2 ( a q . )
- 3 0 6 . 3 ( a q . )
- 3 0 6 . 0 ( a q . )
- 3 0 9 . 4 ( 3 0 0 0  H20)
- 3 0 8 . 2 ( 3 0 0 0  H20)
- 3 1 0 . 1 ( 3 0 0 0  H20)
- 3 0 9 . 4 (3 0 0 0  H20)
13.
then inserting the heats of formation of phosphorus 
pentoxide and water3 the standard heat of formation of 
crystalline phosphoric acid is obtained as -307.23 K cals.
“i
mole
Precise values for heats of dilution of concentrated
2 6
phosphoric acid were obtained by Egan and Luff _ and 
whilst not directly yielding the standard heat of formation9
“i
they did show an inconsistency of 800 cal„ mole between 
the heat of formation of the crystalline and aqueous acid3 
as summarised by the National Bureau of Standards in 
Circular ^00„
14a
(b) Sodium Phosphates, 
i... Sodium Orthophosphates.
Heats of neutralisation of aqueous ortho-phosphoric
2
acid by aqueous sodium hydroxide were measured by Thomsen
3o
and Berthelot and Louguinine . Addition of one? two and 
three moles of base per one mole of acid yielded heats of 
formation of the three orthophosphates in aqueous solution. 
Measurement of heats of solution of the anhydrous ortho­
phosphates to the same dilution as for the neutralisation 
experiments would then have allowed calculation of the heat 
of formation of the anhydrous materials. However? only
the dibasic orthophosphate was so treated. Heats of
2 31
solution of this salt were measured by Thomsen and Pfaundler
Two unpublished values for the heat of solution of the
2 o
anhydrous monobasic salt are available . No direct 
experimental measurement of the heat of solution of the 
anhydrous tribasic salt has been recorded,,accordingly the 
value obtained during this work was used to correct the 
various reaction heats. Table 3 lists the various results
15.
of earlier workers. These have been recalculated using 
modern values for the various heats of formation required.
3 4
Included in Table 3 are the results of Mixter and
3 5
Meadowcroft and Richardson on measurement of the heat 
of formation of anhydrous trisodium-orthophosphate.
Mixter reacted red phosphorus with Na202 and for 
the process
2P + 5Na202 ---- ? 2Na3P04. + 2Na20
he found = -^00 ± 6 K.cals (Mean of two results).
Modern values for the standard heats of formation of
3 6 * 3 7  29
Na202? ha20 and amorphous red phosphorus were
used to obtain the tabulated result.
Meadowcroft and Richardson dissolved and hydrolysed
materials stoichiometrically according to the equation
below in 6M hydrochloric acid at 35°C.
P/j-OioCHEX) 6Na2C03 } 4Na3P04.(Q) + 6C02 (g)
and obtained AHR = - 72.3 ± 4  K.cals. Substituting c.^00
values for the standard heats of formation of Na2C03 (q)
and C02 (g) and using Egan’s value for P^OioCHEX) the result
tabulated was obtained ?
ii. Sodium Pyrophosphates.
Thomsen and Giran measured the heats of 
neutralisation of aqueous pyrophosphoric acid with two 
and four moles of aqueous sodium hydroxide per mole of 
acid. Giran also measured the heat of solution of the 
anhydrous dibasic salt, and Thomsen did the same for the 
tetrabasic salt. Giran then measured the heat of the 
reaction ?
H4P207(c) + H20(1) ---- > 2H3P04(aq.)
by hydrolysis of the pyrophosphoric acid with aqueous 
sulphuric acid (corrected for heats or mixing in sulphuric 
acid solution). Combining this result with Giran’s value 
for the heat of solution of pyrophosphoric acid and other 
ancillary heats of formation (as listed earlier) affords a 
value for the heat of formation or aqueous pyrophosphoric 
acid (see Appendix 1), The heats of neutralisation 
obtained by Giran and Thomsen were respectively ?
-l
dibasic salt formation - 29*94 and - 28.644 K.cals mole 
Tetrabasic salt formation - 50*91 and -52*738 K.cals mole
Appropriate calculation combined with the heats of
“i
solution (dibasic salt + 2.2 K.cals mole , tetrabasic
-i
salt -11.92 K.cals mole ) provide the values for the
heats of formation listed in Table 3.
Also listed in Table 3 is the more recent
determination of the heat of formation of tetrasodium
3 5
pyrophosphate by Meadowcroft & Richardson „ They 
obtained the heat of the reaction below by appropriate 
measurements of heats of solution into 6M hydrochloric 
acid at 33°^.
p4.0ic(K-hX) 3" 4Na2C03( q) —— --  ^ 2Na4.P20<7 ^ + 4C02(g)
Using the same ancillary data as described under their 
work on trisodium orthophosphate,the result listed in 
Table 3 was calculated.
iii. Sodium Triphosphates.
No published data for the heats of formation of
either phase 1 or 2 of the anhydrous material or for the
2ok, 20c
hexahydrate are available. Two unpublished works 
provide data leading to the heat of formation of phase 2
120 3 9 9 40
anhydrous material. There are also available 
a number of heats of solution which allow calculation of 
the heat of transition of phase 2 to phase 1. These are 
listed in Table 4.
20b
The work of Knight & Bigall involved measurement 
of the heat of the reaction
NaH2P04.(Q) + 2NaHPO4(0) --- > Na5p30K  C. 2) + 2H20 (1)
Stoichiometric quantities of the various materials were 
dissolved in strong sulphuric acid at 30°C. The triphosphate 
was hydrolysed to orthophosphate and the end products from 
both sides of the equation were thus identical. The heat 
of reaction obtained was + 17»00 ± 0.09 K.cals.
Correcting this from their reaction temperature to 25°C 
(using heat capacity data described later) the heat of 
reaction /A becomes + 15.9i K.cals. 0 then using heats of
formation of the two orthophosphates derived in this 
thesis, the value for the heat of formation listed in 
Table 3 was obtained.
2 OC
Wilmshurst & Paddock used a different reaction
s cheme
Na5P3010(C()2) + 2H20( 1) + 5HCl(aq. 3-61 H20) - 5NaCl(C)
+ 3H3P04 (aq. 0.685 H20)
Reactants were dissolved stoichiometrically in 65% Perchloric
acid at 25°C. Care was taken to ensure that the end
products in solution from either side of the equation
were identical. Their results have been recalculated
and for the equation above AHR 25°C = -31.80 K.cals.
Using the data described in this thesis for the heat of
formation of phosphoric acid and using the necessary
2 5
ancillary data described by Wagman , (including a
revised heat of solution for hydrogen chloride as
2 4
determined by Gunn ), the heat of formation of phase 2 
triphosphate has been recalculated and inserted in Table 3.
iv. Sodium Metaphosphates.
3 2
Giran and Thomsen measured the heat of neutralisation 
of aqueous metaphosphoric acid with aqueous sodium 
hydroxide. Giran obtained the heat of formation of 
metaphosphoric acid by two routes (see Appendix 1). The 
first involved hydrolysis of the meta acid to ortho- 
phosphoric acid using aqueous sulphuric acid. (His 
results being corrected for the effect of the sulphuric 
acid upon the heats of solution). Giran's second route 
to the heat of formation of metaphosphoric acid was based 
upon measurement of the heat of solution (into an 
excess of water) of the product from the combustion of 
white phosphorus in a bomb. His first method was the 
more accurate and upon substituting values of heats of 
formation required, gives the heat of formation of aqueous
-i
metaphosphoric acid as -233.54 K.cals/mole , (see 
Appendix 1). The heats of neutralisation determined by 
Giran and Thomsen were respectively -14.51 and -14.38 K.cals
-i
mole for the process
HP03 (aq) + NaOH (aq) -* NaP03 (aq) + H20 (1)
Appropriate substitution of heats of formation and 
allowing for the heat of solution determined by Giran3, 
gives the values of the heat of formation for crystalline 
sodium metaphosphate listed in Table 3« (It is not 
clear which metaphosphate Giran would have obtained for 
his heat of solution, as depending upon the temperatures 
at which he decomposed his NaH2P04 he could have obtained 
crystalline sodium trimetaphosphate or a glassy metaphosphat 
(Graham’s salt)).
3 5
The recent measurements of Meadowcroft & Richardson 
of heats of solution according to the equation below 
(at 33°C in oM hydrochloric acid) s
P4O10(HEX) + 2Na2C03 (C) - 4NaP 0 3(C.TRIMERIC) + 2C02 (g)
provides the heat of reaction = -102.8 K.cals., which, 
when combined with the heats of formation listed earlier, 
yields the value for the heat of formation of crystalline 
sodium trimetaphosphate listed in Table 3 .
No previous heat of formation data has been reported 
for sodium tetrametaphosphate.
22„
TABLE 3
HEATS OF FORMATION OF SODIUM PHOSPHATES.
SUBSTANCE INVESTIGATOR YEAR HEAT OF 
FORMATION 
K 0 cals .mole
NaH2P04(C) BERTHELOT & LOUGUINIHE30 
THOMSEN2
1876
1882
-368.9
-368.9
Na2HP04(C) BERTHELOT & LOUGUINIHE 
THOMSEH2
1876
1882
-418.5
-419.4
Na3P04(C) BERTHELOT & LOUGUININE3°
THOMSEN2
MIXTER3+
MEADOWCROFT & RXCHARDSOH35
1876
1882
1909
1963
-459.2
-460.2
-456.9
-462.3
Ka4P 207(C) THOMSEH2 
GIRAN3
MEADOWCROFT & RICHARDSON3 5
1882
1903
1963
-764.1
-762.2
-768.9
Na^P 30io( C, 2) KNIGHT & BIGALL2ob 
WILMSHURST & PADDOCK200
1959
1960
-1055.3
-1059.7
NaPO, . 
(C.TRIMER)
THOMSEN2 
GIRAN3
MEADOWCROFT & RICHARDSON3 5
1882
1903
1963
-292.9
-293.0
-293.7
Na2H2P207(C) THOMSEN2
GIRAN3
1882
1903
-666.1 
-667.4
TABLE 4
HEAT OF TRANSITION FOR THE PROCESS
Na5P3010(C.2) - Na5P3010(C.l) .
AUTHOR AH K.cal* mole
McGILVERY, FILBY & JEFFES2°d 2.1 ± 0.2
McGILVERY4,0 2.1 ±0.2
20b
KNIOET3IGALL 2.57 ± 0 .28
II0 Experimental.
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A. Materials,
Hexagonal phosphorus pentoxide for both heat capacity 
and reaction calorimetry measurements? was obtained by 
vacuum sublimation of commercial grade material, (Inorganic 
Syntheses3 Vol. VI9 page 81). X-ray examination showed no 
form of P4.0103 other than hexagonal9 to be present in the 
samples. Hydrolysis of the purified material and subsequent 
phosphorus determination showed that the purity was not less 
than 99.8%. Both X-ray and chemical analyses were made at 
the Albright & Wilson Research Department.
The material was prepared in vacuum sealed glass 
ampoules. These were broken and the purified P^Cdo handled 
in a sealed dry box which had been thoroughly dehydrated with 
fresh phosphorus pentoxide beforehand.
a Aluminium oxide (synthetic sapphire) was a
38
Calorimetry Conference sample 3 provided by the National 
Bureau of Standards Washington for the purpose of intercomparison 
of accurate heat capacity measurements.
Tris (hydroxy-methyl) aminomethane (THAM) was kindly 
provided by the Thermochemical Laboratory at the University of 
Lund - (designated Batch D). This same material has been 
used recently for the purpose of intercornparison of reaction 
heat measurements at a number of laboratories. Before use it 
was dried for 48 hours over CaCl2 in a vacuum desiccator.
26.
Orthophosphoric acid was prepared by recrystallisation 
of the hemihydrate from A.R. aqueous acid (88%) with 
subsequent dilution to the required concentration.
All the sodium phosphates for this work were provided 
by the Albright & Wilson Research Department. Details of 
the preparations and purities are as follows s
NaH2P04 was prepared by a double recrystallisation of 
A.R. hydrate with subsequent dehydration of the powdered 
material at 90°C. Paper chromatography and X-ray analysis 
showed no impurities (pyrophosphate or hydrated material) 
to be present.
Na2HP04 was prepared and analysed by similar means to 
the above? except that dehydration was carried out at 120°C.
Again no impurities were detectable.
Na3P04 was prepared by reacting Na2C03 and Na2HP04 
at 1000°C for a number of hours. X-ray examination 
indicated no impurities. Chemical analysis showed the 
presence of approximately 1% Na2C03.
Na2H2P207 was obtained from dehydration of A.R. Naf^PO^ 
by heating at 200°C. X-ray examination and paper chromatography 
showed about 5% insoluble metaphosphate as impurity. Direct
aqueous extraction of the soluble pyrophosphate left 
insoluble Maddrell’s salt (high temperature form).
Na4P207 was obtained by dehydration of the A.R. 
hydrate at 120°C for a week. X-ray examination and paper 
chromatography showed no detectable impurities.
NajP3010? phase 2 ? was prepared from the purified
39 o
hexahydrate by heating at 340 C for five hours. X-ray
examination and paper chromatography showed that there was
less than 1% Na4P207 impurity.
Na^P3010? phase 1, was prepared from the same purified 
hexahydrate as phase 2 material? by heating at 550°C. Very 
rapid chilling of the product avoided formation of phase 2. 
X-ray examination and paper chromatography showed that there 
was less than 1% Na4P207 impurity and about 1% phase 2 
material present.
(NaP03)3? crystalline material was prepared by heating 
NaH2P04 at 530°C for 6 hours. X-ray examination and paper 
chromatography showed impurities of 0.3% sodium orthophosphate 
and 0 .3% soluble long chain metaphosphate.
(NaP03)4? crystalline material was prepared by 
dehydration at 105°C of the tetrahydrate. This latter was 
obtained by reaction of P4O10 and Na2C03? with subsequent 
recrystallisation from water. X-ray examination and paper 
chromatography showed only traces of impurities in the 
anhydrous material.
Be Heat Capacity Measurements.
The apparatus used for the low temperature heat capacity
determinations was that in operation at the National Chemical
Laboratory* and has been fully described along with the
3 2 ? 3 3
techniques of operation . Essentially the same
equipment is used in a number of laboratories and neither 
the design nor construction formed any part of this thesis.
The calorimeter was based upon an earlier design by
41
Huffman and was a gold plated copper unit. It was 
surrounded by an automatically controlled adiabatic shield.
Two coolant tanks contained liquid nitrogen or helium and 
served to reduce the temperature of calorimeter and contents 
to about 10°K. Heat capacity measurements were carried out fro 
this temperature to about 320°K. Temperature was measured 
potentiometrically using a platinum resistance thermometer 
which fitted into a re-entrant well in the base of the 
calorimeter. The platinum thermometer and potentiometer 
along with all circuitry, components were calibrated at N.P.L.
* Now Chemical Standards Division^ National Physical Laboratory
Electrical energy inputs were such that an incremental 
rise of 5° was obtained, above 50°K. Below this? temperature 
rises corresponding to about one tenth of the absolute 
temperature of the calorimeter were maintained.
Initially9 the heat capacity of the empty calorimeter 
was determined over the range of temperature required? in 
order that its contribution could be deducted from the heat 
capacities obtained when filled with material. These and all 
experimental results were plotted on large scale graph paper 
and smoothed values at appropriate temperature intervals 
were read off.
The smoothed heat capacity results for the weight of 
sample used were adjusted to molar Cp° values. The half 
dozen or so values obtained at the lowest temperatures were 
then used to extrapolate the results to 0°K using a plot of
O 2 42 °
Cp /T against T . The final values of Cp were then 
appropriately integrated to give values for the thermodynamic 
properties of interest.
In order to establish the accuracy of heat capacity 
data determined with the apparatus, measurement of the heat 
capacity of a sample of a aluminium oxide (synthetic sapphire) 
over the range of temperature for subsequent work? was 
carried out. The a alumina was a National Bureau of Standards 
calorimetry conference sample and has had several accurate
series of heat capacity measurements made upon it.
Two complete series of measurements were made with 
different samples -of hexagonal phosphorus pentoxide and 
one series of measurements was made with anhydrous NaH2P04o
C„ Heat of Solution Measurements.
(i) Equipment.
The Calorimeter used for this work was an isothermally
jacketed solution calorimeter as designed by Sunner and 
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Wadso . A full description is given by these authors and 
only the modifications required for this work will be 
described in detail.
The calorimeter (Figure 1) was a 100 ml. thin glass bulb 
attached to the lid of a chrome plated brass submarine by a 
thin narrow neck. Two re-entrant tubes acted as retainers 
for the heater and temperature sensor. A glass pin 
protruding upwards from the base of the calorimeter served 
as a means of breaking the reagent-containing ampoules which 
were mounted in a claw stirrer connected to a 600 r.p.m. 
synchronous motor by direct pulley drive. The whole 
stirrer assembly could be rapidly lowered whilst still stirring? 
on to the glass pin to shatter top and bottom of the cylindrical
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mould, blown ampoules„ The stirring was efficient enough 
to effect thermal equilibration in a matter of a minute 
or so0
The whole assembly was mounted in a constant 
temperature water bath (± 0.002°C over a period of one or 
two hours) controlled with an ordinary toluene regulator.
A Perspex lid with appropriate outlet holes and a thick 
layer of cotton wool served to keep the water which 
flowed directly above the calorimeter at the same overall 
bath temperature. At 60°C this precaution was essential 
and even at 25°C was desirable - without it water was 
free to evaporate from the thermostat bath directly above 
the calorimeter and would have caused large temperature 
fluctuations in the submarine lid.
For work in strong perchloric acid an alternative 
to the stainless steel stirrer supplied with the calorimeter 
was required. A glass9 tantalum and Teflon unit was 
constructed (Figure la) and proved to be quite 
indestructible. Figure 2 shows the heating rate due to 
this stirrer.
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(ii) Temperature Measurement and Corrected Temperature 
Change .
The temperature sensing device used for this work was 
a differential thermocouple set-up (Figure 3).
Two different devices were used9 one a five junction 
couple and the other a one junction unit„ Apart from the 
difference in e.m.f. output both were more or less identical. 
Since most of the work was done with the one junction unit 
the descriptions and diagrams apply to this.
Advantage was taken of the good temperature control 
of the water bath and the reference junction was moulded inside 
a block of Perspex which was placed in a silvered vacuum 
flask9 the whole being kept in the water bath. Temperature 
control at this junction of better than ± 0.0001°C over a 
period of hours was readily achieved.
The other junction of the couple was kept in one of 
the re-entrant tubes in the calorimeter. The e.m.f. 
developed by the couple was a direct measure of the temperature 
difference between the calorimeter re-entrant tube and the 
centre of the Perspex block. As mentioned the temperature 
of this latter was effectively constant throughout a run 
and by direct experiment? using very small differential 
thermocouples9 the temperature inside the re-entrant tube was 
shown to be the same as that of the outer calorimeter surface
FI GURE 2
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throughout tho course of a reaction. Accordingly the 
system was quit e appropriate to measuring the temperature 
changes required for accurate solution calorimetry.
The thermocouple used was of copper and constantan? 
developing about 44 /av. deg. 1 . The leads from the 
calorimeter to the reference junction and those to the 
amplifier were appropriately insulated both thermally and 
electrically. All soldered joints were in matched pairs 
and kept at constant temperatures.
The method of measuring the e.m.f. produced is shown 
diagramatically in Figure 3« Essentially this entailed 
balancing the thermocouple e.m.f. against the voltage drop 
across a 0.1 ohm resistor, the current through this 
resistor being adjusted by a variable series resistor 
(0 - 100?000 ohms in steps of 0.1 ohm). Any difference in 
the two voltages was then amplified by a sensitive D.C. 
amplifier. (Tinsley 6036 Mechanical Chopper) and applied 
to a 10 m.v. self balancing chart recorder (Honeywell 
Brown Recorders). At moments of precise equality of 
voltage, the e.m.f. developed by the differential couple 
was exactly balanced by the voltage drop across the 0.1 ohm 
resistor. This latter voltage was determined to ± 0.001 ;.iv 
by measuring the voltage drop across a 100 ohm resistor 
in series with the 0.1 ohm and 0/100?000 ohm resistors.
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The voltage drop across the 100 ohm resistor was determined 
using a precision potentiometer (Croydon P3) to ± 1 jrv.
Since at moments of e.m.f. balance the same current flowed 
through both the 100 ohm and 0.1 ohm resistors? a value 
obtained for the voltage drop across the 100 ohm resistor 
was equal to 1000 x the voltage drop across the 0.1 ohm 
resistor - and this latter voltage drop was exactly equal 
to the potential produced by the differential thermocouple.
Thus in principle it was possible to measure 
temperatures to ± 0 e00002°C but in practice both the 
amplifier stability (± 0.005 juv for short periods) and 
the rate of change of temperature of the calorimeter 
meant that actual extrapolated temperatures were reliable 
to 1 or 2 x 10 *°c.
The method of determining the corrected temperature
44-
rise was that first described by Dickenson and is 
illustrated for the general case in Figure 4. A time Tm 
was found to which both pre and post rating curves were 
extrapolated. The temperature change then calculated at 
this time was thereby corrected for varying heat interchange 
during the time of reaction and equilibration. This was a 
very necessary correction since with most of the reactions 
studied there was an initial rapid dissolution process 
followed by a slow hydrolysis stage? producing a time
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temperature curve impossible to duplicate with electrical 
energy inputs.
(iii) Experimental Procedure.
The procedure for measuring a heat of solution and
reaction involved sealing an accurately weighed amount of
reactant (between 0.2 and 1 gram) into a small cylindrical
mould blown ampoule using the technique described by
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Sunner and Wadso . This ampoule was inserted in the 
claw stirrer and the whole screwed into position with the 
stirrer beneath the surface of the 100 mis. of liquid
reactant inside the calorimeter proper (see Figure 1).
The calorimeter and stirrer attachment were placed in the
submarine and the whole mounted in the water bath, then
the stirrer pulley was connected to a 600 r.p.m. synchronous 
motor. Next the heater connections were joined and the 
calorimeter was raised to the water bath temperature by 
passing current through the heater. (Pre-heating the 
liquid calorimetric fluid before adding to the calorimeter 
saved a great deal of time for work at 60°C). The whole 
assembly was then left for half an hour or so to 
equilibrate fully.
e.m.f. readings of the thermocouple arrangement were 
then taken at minute intervals for a total of ten to twenty 
minutes (depending upon the length of the reaction period 
expected). After the pre-rating period the amplifier
sensitivity was cut down and the stirrer assembly depressed 
so that the ampoule shattered, the stirrer was then raised 
back to its original position. Time/temperature readings 
were taken on the reduced amplifier sensitivity until reaction 
was nearly completed, then the higher sensitivity was used to 
obtain a post-rating curve. This was at least two to three 
times the length of the reaction period. The corrected 
temperature change was obtained by the method described 
earlier.
For an exothermic process the products of reaction 
were cooled back to the initial temperature and a pre-rating 
curve was again established. After an appropriate time 
current was passed through the heater and an electrical 
calibration was carried out (described in Section (iv)).
For an endothermic reaction process the post-rating 
curve from the reaction was used as the pre-rating curve for 
electrical calibration and current was allowed to flow 
through the heater until the calorimeter was again at the 
initial1 reaction temperature.
For most cases it was possible to dissipate the 
electrical energy over a similar time interval to the 
chemical reaction period. However, where this latter was 
either very brief or very lengthy the best appropriate 
compromise was applied.
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After switching off the heating current a post­
rating curve was established as before and again the 
corrected temperature rise was calculated.
(iv) Electrical Calibration and Reaction Reference 
Temperature 0
The method of translating the thermocouple e.m.f. 
changes due to chemical reaction to heats of reaction was
achieved by the usual electrical substitute* method.
For an exothermic reaction process a known amount of 
electrical energy was dissipated in the heater to provide a
temperature rise very close to that due to chemical
reaction. If this electrical energy input could have been 
carried out so as to give an identical time/temperature 
curve and if both sets of initial and final e.m.f. values 
had been identical then the exothermic reaction heat would 
have been exactly equal but opposite in sign to the 
electrical energy supplied. Even for the most favourable 
of chemical reactions this procedure is rarely feasible 
and was certainly not so for the reactions involved in this 
work? Figure 5 illustrated the type of practical compromise 
used. Differences in time/e.m.f. curves were corrected by 
use of Dickenson's method. In addition by keeping respective 
pro and post e.m.f. values for the two processes to within 
± 4 jJ-v of each other the relationship below applied 5
Reaction Heat (calories) =
- Electrical Energy Input (calories) x A e.m.f. (Reaction)
A e.m.f. (Electrical)
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These electrical calibrations were carried out on the 
products of chemical reaction so that the reaction heat 
obtained was referred to a temperature equal to the initial 
temperature. This was the same as the water bath 
temperature and was measured with a platinum resistance 
thermometer calibrated at the National Physical Laboratory.
It was from this temperature to 2j°C that heat capacity 
corrections applied.
For endothermic reaction heats very similar 
considerations apply and electrical energy inputs were 
carried out on the products of reaction, over the same 
range of e.m.f. as for reaction heats. Again the reaction 
reference temperature was the water bath temperatures and 
the relationship below applied i 
Reaction Heat
(calories) = Electrical Energy Input x A e.m.f. (Reaction)
A e.m.f. (Electrical)
All the foregoing assumes that none of the electrical 
energy dissipated in the heater was lost either by conduction 
along the lead wires or by having been dissipated in that 
section of the lead wires between the potential leads and 
the heater proper (see Figure 1). Both these circumstances 
were reduced to negligible proportions by using a 300 ohm, 
non-inductively wound, constantan heater with 3° s.w.g. 
copper leads. Manganin wire was not used as it was very
>■/
difficult to soft-solder to copper - any e.m.f, developed 
by the copper/constanton couples was trivial compared to 
the very large (20 volts or so) voltage applied across the 
heater during electrical energy inputs.
Figure 6 illustrates the equipment used to measure 
the electrical energy inputs. A stabilised 30 volts D.C. 
power supply (Ether AAOJOO) was the basic power supply.
Any voltage required could be obtained by adjustment of a 
voltage dividing variable resistor. Current from the
power supply was run through a $00 dummy heater before
being passed into the heater circuit with a three pole* two-way 
switch. When thrown? this switch also started two 
electrical timers (Jaquet 0.1 sec. and Venner 'ISA 1014/ABC).
The current flowing was determined by measuring the potential 
drop across a 1 ohm standard resistor in series with the 
heater. The potential drop across the heater was taken to 
a voltage divider (Croydon RBG6) accurate to 1 part in 
10?0009 any appropriate voltage could be taken out to the 
potentiometer. Both P.D.'s were measured at one minute 
intervals using a precision potentiometer (Croydon P3).
Two standard cells were used to calibrate the potentiometer.
The resistance of the heater changed very little during the 
measurements and with the very stable power supply used

the current and P.D, readings never altered by more than 
10 parts in 100,000. An N.P.L* calibrated 10 ohm standard 
resistor was used to check the 1 ohm standard used for 
current determinations0
Careful consideration of all the accumulative errors, 
both of measurement and calibration, indicates that for the 
work described a total error of no more than 2 parts in 
10,000 should derive from the electrical energy calibration.,
(v) Reaction Schemes Used.
In order to obtain the heat of formation of one of the 
materials under study herein it was necessary to devise a 
balanced chemical equation containing firstly the compound 
in question and secondly only other substances which have 
had accurate heats of formation assigned to them. In the
case of phosphorus compounds the only appropriate latter
o “1
compound was hexagonal P 40ln ( AHf 298 ~ “719.36 K.cals mole
Ref. 1). Advantage was taken of the ability of strong 
aqueous perchloric acid (62%) to hydrolyse P4010 and all the 
condensed phosphates for which heats of formation were 
required (See Appendix 2), the perchloric acid being used as 
the calorimetric fluid. In order to effect the hydrolyses 
rapidly a temperature of 60°C was chosen for all reactions 
in perchloric acid. The particular reaction schemesused 
are described both in Part III and at the end of this section.
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Having established a chemical equation complying to 
the requirements outlined above the details of the subsequent 
processes are best described by example s
e.g. to obtain the heat of formation of aqueous 
orthophosphoric acid the balanced equation
P4O10 (Hex.) + 8.5662 H20 (1) - 4 H3PO4. 0.6416 H20 (1)
was used as a basis for the reaction scheme. Both water 
and P401C) (Hex) have accurately established heats of 
formation so that by measuring the heat change for the 
above reaction at 25°C? it would be possible to calculate 
the standard heat of formation of the aqueous orthophosphoric 
acid. The method of obtaining the heat of reaction was to 
dissolve stoichiometric amounts of P4O10 (Hex.) and water 
consecutively, into a single volume of perchloric acid* 
measuring with the calorimeter the two heats of solution 
(the sum being equal to AHi). A second volume of 
perchloric acid was then taken and the heat of solution 
(AH2) of the aqueous orthophosphoric acid in the same 
stoichiometric concentration required by the equation was 
measured. Since the perchloric acid hydrolyses the products 
of solution of P4O10 to orthophosphoric acid (shown by paper 
chromatography. See Appendix 2) it is apparent that the 
two separate resulting solutions in perchloric acid are 
identical. The heat change AHR for the above equation 
was then calculated according to Hess's law 2
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P 4O10 (Hex.) + 3.5662 H20 (1)
AHR
H
SOLUTION A
4 H3P04.,0.6416 H20(1)
AH-
A H-
SOLUTION B
Since solutions A and B were identical A Ii3 was 
equal to zero and A Hj> = A E1 - A H2.
This was the heat of reaction at 60°C? the reaction 
temperature. In order to correct this back to 25°C it was 
macas-sary to apply heat capacity corrections (details for 
all reactions are given in Part III) the availability of 
£uc-cur-ato. heai^ o-ap-acity data for a compound 'was- a  p m  r spa it site 
to the inclusion of that -compound in a reaction scheme.
• The actual reaction schemes used were as followss 
firstly the key phosphorus compound to which all the heats of 
formation subsequently determined were referred was hexagonal 
P 40lc - it was used to determine the heat of formation of a 
batch of aqueous orthophosphoric acid (H3P04 0.6416 H20) 
according to the reaction scheme
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P 4.010 (Hex.) + 8.5662 H20 (1) ---- > 4H3PO4. 0.6416 H20 (1)
(at 60°C in HCIO4.)
The same orthophosphoric acid was then used to determine 
the heats of formation of the three anhydrous sodium 
orthophosphates by measurement of the various heats of 
neutralisation of dilute aqueous NaOH ■
H 3P04 0.6416 H20 (1) + NaOH 71.1125 Iia0 (1)
NaH2P04 (c) + 72.7541 il20 (1)
(at 25°C in dil. NaOH).
K H 3PO4. 0.643.6 H20 (1)] + NaOH 71.1125 H20 (1) -
■’Na2HP04 (c) + 72.4333 H20 (1)
(at 25°C in dil. NaOH).
1/3[H3P04. 0.6416 I-I20 (l)j + NaOH 71.1125 H20 (1) ->
1/3 Na3P04 (c) + 72.3264 H20 (1)
(at 25°C in dil. NaOH).
The mono and disodium orthophosphates were then used to 
determine the heats of formation of the various polyphosphates 
of interest ~
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211 a2HP04 (c) + NaH2P04 (c)
2Na2HP04 (c) + NaH2P04 (c)
2NaH2P04 (c)
2Ha2HP04 (c)
3NaH2P04 (c)
4iIaII2P04 (c)
FajPjOio (c 1.) + 2H20 (1) 
(at 60°C in HC104)
N a 30xq ( c.2.) 2H20 (1)
(at 6o°c in HC104)
-* Na2Ii2P207 (c) + H20 (1) 
(at 60°C in HC104)
-> I'Ia4P207 (c) + H20 (1)
(at 60°C in HG104)
- (NaPOj) 3 (c) + 3H20 (1) 
(at 60°C in HC104)
- (NaP03)4 (c) + 4H20 (1) 
(at 60°C in HC104) .
Thus all tho heats of formation determined were
based upon the heats of formation of hexagonal P^Oxo
(Ref. 1)3 water (Refe 27) and aqueous NaOH (Ref0 25) -
all three being reliable? established values. All the
material involved in work at 60°C had accurate heat capacity
47
data assigned to them and reaction heats could be
corrected to 25°C
(vi) Chemical Standard for Reaction Calorimeters.
In order to test the accuracy of the reaction 
calorimeter used for this work a series of runs at 2j°C 
were made to determine the heat of neutralisation of 
crystalline tris(hydroxyrnethyi)aminomethane (TRAM) by 
O.lil aqueous HC1 at a concentration of 5 grams THAM to
4-6
one litre acid. This reaction has been proposed as
a suitable process for checking the performance and 
accuracy of reaction calorimeters and a number of workers 
have pursued the confirmation of the original results, 
resulting in a reliable yet practical chemical check on 
the performance of this type of calorimeter.
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III. Results.
All weights were corrected to vacuum.
12
Atomic weights were based on C = 1 2  (1961)
Electrical energy measurements were based on absolut 
joules9 these being converted to calories by the defined 
relationship § 1 calorie = 4.1840 abs. joules.
The accuracy of the mean of a number of results was 
taken as twice the standard deviation of the mean. The 
sum of two errors was taken to be the square root of the 
sum of the squares of the two errors.
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A.
apply
o
Tn K
o
AT K 
AE/AT
Heat Capacity Measurements.
The following explanation of the column headings
to the results for all the materials studied t
The mean of the initial and final temperatures 
for an electrical energy input.
The temperature rise of calorimeter and
contents due to the electrical energy input.
The difference between the initial and final
temperatures for an electrical energy input.
The ratio of the number of calories dissipated
during an electrical energy input to the
temperature rise. The smoothed values of
AE/AT for the empty calorimeter are listed
in Table 5$ linear interpolation of these
figures yielded values for AE/ATca^ in
Tables 6 - 9 ?  subtraction of this, from the
corresponding figure for calorimeter plus
contents, gave the value of AE/AT for the
compound.
55.
Corrections The correction to be applied to the value
of AE/ATca2 due to slight changes in 
weight of solder etc. between runs.
o
Cp The heat capacity of one mole of material.
The ratio of AE/AT obtained for the compound3 
to the number of moles used during the run.
o
S The entropy of one mole of material.
H°-H°o enthalpy o& heat content of one mole
of material.
(G° - H°q )/T The free energy function for one mole of
material (based on the heat content at 0°K).
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(1) Empty Calorimeter.
The smoothed values for the heat capacity of the 
empty calorimeter are listed in Table 5. Interpolation 
between the values tabulated was made linearly and the 
resulting figures appear as AE/ATca  ^ in Tables 6 - 9 .
( 2 ) cc A12O3
The experimental results for the calorimeter containing 
0.70039 moles cc AI2O3 are listed in Table 6. The smoothed 
molar heat capacity figures along with the calculated 
thermodynamic properties arc given in Table 10. Extrapolation 
of the heat capacity results to 0°K is illustrated in 
Figure 7.
(3) Hexagonal P^Oxo (Series 1).
The experimental results for the calorimeter containing 
O.23983 moles hexagonal P4O10 are listed in Table 7. The
smoothed molar heat capacity figures along with the 
calculated thermodynamic properties are given in Table 11. 
Extrapolation of the heat capacity results to 0°K is 
illustrated in Figure 7.
(4) Hexagonal P4O10 (Series 2)
The experimental results for the calorimeter 
containing 0.29738 moles hexagonal P4O10 are listed in 
Table 8. The smoothed molar heat capacity results along 
with the calculated thermodynamic properties are given in 
Table 12. Extrapolation of the heat capacity results 
to 0°K is illustrated in Figure 7.
(?) NaII2P04 (c)
The experimental results for the calorimeter 
containing 0.86312 moles NaH2P04 (c) are listed in Table 9. 
The smoothed molar heat capacity figures along with the 
calculated thermodynamic properties are given in Table 13. 
Extrapolation of the heat capacity results to 0°K is 
illustrated in Figure 7.
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Calorimeter V (Empty). Smoothed heat capacity values.
T°K Heat Capacity. ACp. T°K Heat Capacity. AC P.
12 0.095 0.021 13 0.116 0.027
14 0.143 0.031 15 0.174 0.039
16 0.213 0.041 17 0.254 0.04-3
18 0.302 0.056 19 0.358 0.057
20 0.415 O.O63
21 0.478 0.067 22 0.545 0.039
23 0.634 0.090 24 0.724 0.105
2? 0.829 0.102 26 0.931 0.114
27 1.045 0.115 23 1.160 0.120
29 1.280 0.133 30 1.413 0.135
31 1.548 0.142 32 1.690 0.151
33 1.841 0.156 34 1.997 0.161
35 2.158 0.167 38 2.325 0.169
37 2.494 0.176 33 2.670 0.180
39 2.350 0.181 40 3.031 0.188
41 3.219 0.184 42 3.403 0.133
43 3 0 586 0.180 44 3.760 0.186
45 3.952 0.185 46 4.137 0.198
47 4.335 0.194 48 4.529 0.195
49 4.724 0.196 50 4.920 0.188
51 5.108 0.192 52 5.300 0.190
53 5.490 0.187 54 5.677 0.191
55 5.868 0.186 56 6.054 0.187
57 6.241 0.185 53 6.42 6 0.184
59 6.610 0.188 60 6.798 0.175
6l 6.973 0.130 62 7.153 0.176
63 7.329 0.173 64 7.502 0.173
6 5 7.675 0.168 66 7.843 0.169
67 8.012 0.156 63 8.168 0.175
69 8.343 0.162 70 8.505 0.162
TABLE 5 (con'binned).
T°K Heat Capacity ACp
O
Heat Capacity ACp.
71 8 ,667 0.156 72 3.823 0.153
73 3.976 0.153 7 4 9.129 0.149
75 9.278 0.143 76 9.426 0.146
77 9.572 0.144 78 9.716 0.143
79 9.859 0.142 80 10.001 0.139
31 10. .140 0.133 82 10.278 O.I38
83
85
10.416 0.137 84 10.553 0.129
10.682 0.126 36 10.808 0.125
37 10.933 0.124 88 11.057 0.123
89 11.180 0.122 90 11.302 0.116
91 11.418 0.115 92 11.533 0.112
93 11.645 0.108 94 11.753 0.107
95 11.860 0.103 96 11.963 0.104
97 12.067 0.103 c\ ft90 12.170 0.101
99 12.271 0.099 100 12.370 0.472
105 12.842 0.429 n o 13.271 0.406
115 13.677 0.384 120 14.061 0.350
125 14.411 0.315 130 14.726 0.284
135 15.010 0.266 140 15.276 0.249
145 15.525 0.274 150 15.799 0.193
155 15.992 0.210 160 16.202 0.171
165 16.373 0.176 170 16.549 0.165
175 16.714 0.155 180 16.869 0.145
185 17.014 0.135 190 17.149 0.126
195 17.275 0.123 200 17.403 0.109
205 17.512 0.105 210 17.617 0.106
215 17.723 0.101 220 17.824 0.039
225 17.913 0.093 230 13.006 0.090
235 18.096 0.035 240 18.181 0.032
245 18.263 0.077 250 18.340 0.074
2 55 13.414 0.066 260 18.480 0.070
265 18.550 0.069 270 18.619 0.073
275 18.692 0.069 230 13.761 0.063
285 18.829 0.067 290 18.896 0.067
295 18.963 0.0 77 300 19.040 0.056
305 19.096 0.067 310 19.163 0.067
315 19.230 0.067 320 19.297 0.065
325 19.362 0.060 330 19.422
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TABLE 6.
a_-412.23- + Caloript3ter V = Experimental results =
Run /~\
No. Tm K AT AE/AT AE/AT Corrections AE/AT Cp
(cal + (cal) a i 2o 3 Al2'Os
A17O/
J
1 98 .250 6.211 140214 12.195 -0.001 2.020 2.884
2 104 . 253 5.806 15.100 12.772 -0.001 2=329 3 =325
3 110 . 406 6.490 16.047 13 =304 -0=001 2,744 3 •918
4 116 .714 6.125 16.937 13 0809 -0.001 3.129 4 =463
5 123 .533 5.775 17.836 14.312 -0=001 3 = 575 5=104
6 129 .387 5.833 13.642 14.687 -0=001 3.956 5=648
7 135 .249 5.892 19.361 15.023 -0=001 4.339 6.195
8 141 .167 5.944 20.035 15=334 -0.001 4.752 6 =785
9 147 .071 5.364 20.771 15=638 -0.001 5.134 7. 33°
10 152 .977 5.950 21.436 15=914 -0.001 5.523 7.886
11 158 .968 6.032 22.067 16.159 -0.001 5.909 8 =437
12 164 .911 5.347 22.704 16.370 -0.001 6.335 9 =045
13 170 .679 5.690 23.281 16.571 -0.001 6.711 9 =582
14 176 .339 5.629 23.335 16.756 -0.001 7.0 80 10. 109
15 181 .958 5.610 24.359 16.926 -0=001 7.434 10.614
16 187 .396 5.666 24.862 17.084 -0=001 7.779 11,107
17 193 .236 5.713 25.366 17.232 -0.001 8.135 11.615
18 199 .063 5.842 25.352 17=379 -0.001 8.474 12 =099
19 70 .181 3.925 9.267 8.534 0.733 1.047
20 74 .471 4.655 10.151 9 o 199 0.952 1.359
21 79 .487 5.377 11.072 9.928 1.144 1.633
22 84. 646 4.942 11.996 10.636 1.360 1.942
23 89 .703 5.172 12.853 11.266 1.592 2 =273
24 94 .959 5.333 13.721 11.856 -0.001 1.866 2 =664
25 100 .520 5.734 14.532 12.419 -0.001 2.164 3 =090
26 106 .539 6.253 15.485 12.974 -0.001 2.512 3 =587
27 112 .839 6.343 16.393 13.502 -0=001 2.892 4.129
28 192 . 465 5.709 25.322 17.211 -0=001 8.112 11. 532
29 198 .199 5.759 25.801 17 = 357 -0.001 3.445 12 =053
30 2.04.033 5.910 26.287 17.491 -0=001 8.797 12. 560
31 210 .016 6.056 26.760 17=617 -0=001 9.144 13 =056
32 216 .094 6.108 27.232 17=745 -0.001 9.488 13 =547
33 222 .225 6.154 27.705 17=828 -0=001 9.878 14. 104
34 228 .331 6.057 28.113 17.975 -0=001 10.139 14. 476
Ru
No
3f
37
38
39
40
41
42
43
44
4?
46
47
48
49
50
51
72
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
61.
TABLE 6__( contd) .
n AE/aT AE/AT O
Tn K AT ( cal + (cal) Corrections AE/AT Cp'
A1,0?___ a i 9o 3 Als>CK
220.282 6.087 28.091 17.974 -0.001 10.113 14.
._) «-• ■*>
446
234.318 5.987 28 . 533 13.084 -0.001 10.450 14.920
240.262 5.901 23.925 18.185 -0.001 10.741 15..336
246.122 5.819 29.304 18.280 -0.001 11.025 15.741
2?1.903 5.744 29.662 18.368 -0.001 11.295 16.,127
2 57.6?8 5.670 30.022 13.449 -0.001 11.574 16.525
263.261 5.636 30.553 13.526 -0.001 12.023 17. 173
268.921 5.634 30.690 18.604 -0.001 12.087 17. 258
274.587 5.647 30.999 18.686 -0.001 12.314 17..582
280.203 5.538 31.302 18.764 -0.001 12.539 17. 903
285.762 5.531 31.591 18.839 -0.001 12.753 18.203
291.343 5.634 31.870 18.914 -0.001 12.957 18. 500
297.062 5.803 32.167 18.995 -0.001 13.173 13. 308
302.910 5.893 32.444 19.073 -0.001 13.372 19.092
308.848 5.986 32.722 19.148 -0.001 13.575 19.382
314.862 6.042 33.012 19.228 -0.001 13.735 19.682
12.888 1.251 0.1130 0.114
14.189 1.342 0.1481 0.149
15.719 1.702 0.2012 0.202
17.210' 1.284 0.2664 0.264 0.002 0.003
18.549 1.379 0.3379 0.333 0.005 0.007
20.319 2.171 0.4455 0.435 0.011 0o016
22.686 2.563 0.6253 0,606 0.019 0.027
25.166 2.397 0.8681 0.846 0.022 oe031
27.683 2.631 1.145 1.124 0.021 0.030
30.561 3.125 1.536 1.489 0.047 0.067
33.727 3.207 2.021 1.954 0.067 0.096
37.294 3.923 2.636 2.546 0.090 0o129
41.328 4.135 3.396 3.279 0.117 0.167
45.682 4.572 4.260 4.073 0.182 0.260
50 . 551 5.165 5.272 5.024 0.248 0.354
55.889 5.510 6.405 6.033 0.372 0.531
61.091 4.893 7.437 6.989 0.498 0.711
66.035 4.993 8.491 7.849 0.642 0.917
71.036 5.003 9.4.64. 8.673 0.791 1.129
76.175 5.276 10.455 9.452 1.003 1.432
81.335 5.043 11.409 10.186 1.223 1.746
86.377 5.041 12.331 10.855 1.476 2.107
91.364 4.933 13.145 11.460 1.635 2.406
96.267 4.373 13.868 11.991 -0.001 1.878 OC— ©631
101.149 4.892 14.675 12.478 -0.001 2.198 3 0138
106.109 5.028 15.426 12.937 -0.001 2.490 3. 555
III.163 5.080 16.161 13.365 -0.001 2.797 3.994
116.270 5.134 16.875 13.775 -0.001 3.101 4.428
P/iPm + Calorimeter V. Experimental Results, (Series 1) .
Run AE/AT AE/AT Correct­ AE/AT Cp°
No, Tm K AT (cal +
P 4O10)
(cal) ions . (P4.o10) (F* 4.010.
1 205.573 5.868 28.499 17.524 -0.010 10.965 37. 833
2 211.437 5.860 23.881 17.647 -0.010 11.224 38o 726
3 217. 293 5.852 29.270 17.769 -0.011 11.490 39. 644
4 223. 142 5.845 29.645 17.880 -0.011 11.754 40. 555
5 228.939 5.849 29.994 17.937 -0.011 11.996 41.390
6 234. 814 5.801 30.354 18.093 -0.011 12.250 42. 266
7 240. 623 5.813 30.684 18.191 -0.011 12.482 43. 067
8 246.485 5.905 31.015 18.286 -0.011 12.718 43. 881
9 252.395 5.915 31.346 18.375 -0.011 12.960 44. 716
10 258.353 6.002 310 668 18.453 -0.011 13.199 45. 540
n 264.360 6.0U 31.977 18.541 -0.011 13.425 46.320
12 67.025 3.419 11.697 8.016 -0.006 3.675 12.680
13 70.745 4.022 12.458 3.626 -0.006 3.326 13. 201
14 75.283 5.053 13.301 9.320 -0.006 3.975 13. 715
15 80.180 4.7 41 14.426 10.026 -o.oo6 4.394 15. 161
16 35.025 4 0 949 15.250 10.685 -0.007 4.553 15. 726
17 90.032 5.066 16.131 11.306 -0.007 4.818 16.624
18 95=170 5.209 16.986 11.878 -0.007 5.101 17. 600
19 100.447 5.345 17.819 12.412 -0.007 5.400 13.632
20 105.903 5.567 18.626 12.919 -0.008 5.699 19.663
21 Ill .509 5.646 19.437 13.394 -0.008 6.043 20. 850
22 117. 136 5.603 20.202 13.841 -0.008 6.353 21. 920
23 122 0731 5.573 20.928 14.252 -0.008 6.668 23. 007
24 128.311 5.537 21.611 14.620 -0.008 6.983 24. 093
25 134. 038 5.868 22.276 14.955 -0.009 7.312 25. 229
26 139. 988 6.031 22.944 15.275 -0.009 7.660 26.429
27 146 0040 6.074 23.575 15.532 -0.009 7.984 27. 547
28 152. 168 6.179 24.193 15.9-14 -0.009 8.270 28.534
29 158. 394 6.273 24.782 16.135 -0.009 8.638 29. 804
30 164.648 6.236 25.344 16.361 -0.009 8.974 30. 963
31 170. 814 6.095 25.374 16.576 -0.010 9.289 32. 050
32 176. 345 5.967 26.376 16.771 -0.010 9.595 33. 106
33 182.755 5.854 26.837 16.949 -0.010 9.878 34. 082
Run 
No o. Ta°IC AT
AS/AT 
(cal + AE/AT Correet- AS/IT ti
0
P 4O10) (cal)___ ions. (P 4.010) CP--.o-.wi
34 188.525 5.735 27.281 17.109 -0.010 10.162 35.062
3? 194.420 6.055 27.722 17.260 -0.010 10.4?2 36.063
36 200.423 5.952 28.160 17.412 -0.010 10.733 37.049
37 206.500 6.202 28 . 568 17.544 -0o010 11.014 38.002
38 212.356 6.531 28.979 17.678 -0.011 11.290 38.954
39 260.572 5.903 31.793 18.488 -0.011 13-294 45.868
40 266.135 5.223 32.131 18.566 -0.011 13.554 46.765
41 262.406 5.849 31.399 18.514 -0.011 13.374 46.144
42 268.296 5.932 32.214 18.595 -0.011 13.608 46.952
43 274.200 5.375 32.506 18.630 -0.012 13.814 47.662
44 280.080 5.891 32.811 18.762 -0.012 14.037 43.432
45 285.945 5.839 33.094 18.342 -0.012 14.240 49.132
46 291.796 5.865 33.353 18.920 -0.012 14.421 49.757
47 297.645 5.835 33.661 19.004 -0.012 14.645 50.530
48 303.363 5.740 33.943 19.078 -0.012 14.853 51.247
49 309.077 5.638 34.227 19.151 -0.012 15.064 51.975
50 314.804 5.7 38 34.510 19.227 -0.012 15.271 52.690
51 320 . 566 5.736 34.797 19.304 -0.012 15.431 53.414
52 326.284 5.699 35.009 19.377 -0.012 15.632 53.935
53 11.422 0.6507 0.5244 0.03 5 -0.001 0.438 1.511
54 12.310 1.124 0.6268 0.102 -0.001 0.524 l. 808
55 13.653 1.572 0.3114 0.134 -0.001 0.676 2.332
56 15.320 1.751 1.027 0.186 -0.001 0.840 2.898
57 17.090 1.789 1.293 0.253 -0.002 1.033 3 • 564
58 19.018 2.067 1.585 0.359 -0.002 1.224 4.223
59 21.138 2.174 1.922 0.487 -0.002 1.433 4.944
60 23.484 2.518 2.318 0.678 -0.002 I.638 5.652
61 26.072 2.653 2.786 0.939 -0.002 1.845 6.366
62 28.845 2.894 3.296 1.261 -0.003 2.032 7.011
63 31.698 2.812 3.354 1.647 -0.003 2.204 7.604
64 34.568 2.927 4.452 2.088 -0.003 2.361 8.146
65 37.314 2.564 5.070 2.549 -0.004 2.517 8.684
66 40.157 3.121 5.663 3.061 -0.004 2.598 8.964
67 43.458 3.473 6.419 3 .668 -0.004 2.747 9.478
68 47.302 4.209 7.289 4.394 -0.00? 2.890 9.971
69 51.930 5.135 8.357 5.296 -0.00? 3.056 10.544
70 56 . 792 4.515 9.470 6.202 -0.00? 3.263 11.258
71 61.329 4.559 10.476 7.032 -0.00? 3-439 11.866
72 66.031 4.946 11.503 7.357 -0.006 3.645 12.576
73 70.953 4.800 12.486 8.659 -0.006 3.821 13.184
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TABLE 8.
P/i-Qin + Calorimeter V. Experimental Results (Series 2) .
Run O AE/AT AE/ AT Correct­- AE/AT p.,-, 0 Ou
No o Til1 K AT ( cal +
2 d-Om)____
(cal) ions . (P 4_0ig) (p4O10)
1 105. 812 5.549 18.784 12c 912 -0.011 5.861 14-u 7 •709
9 111.434 7°695 19.590 13.387 -0.011 6.192 20.322
3 117 0151 5.740 20.349 13.842 -0.011 6.496 21.844/]
*~r 122 0883 5.721 21.136 14.263 -0.011 6.862 23 c075
5 128.647 5.3o3 21.825 14.641 -0 0 012 7.172 PA '— 1•117
6 134. 531 5.960 22 . 568 14.983 -0.012 7.573 25o465
7 140. 505 5.987 23.219 15.301 -0.012 7.906 26.735
8 146. 590 /•0 .183 23.844 15.612 -0.012 8.220 27 c641
9 152c 813 6 0263 24.502 15.903 -0.012 8.582 28.353
10 159.017 6.182 25.078 16.161 -0.012 8.905 29. 944
11 167.182 6 „147 25.650 16.379 -0.012 9 c 259 31.137
12 171.307 6 0103 26.133 16.592 -0.012 9.579 32 c211
13 177.389 6 .061 26.689 16.783 -0.012 9.889 33.273
14 183 c390 5.942 27.166 16.967 -0.012 10.187 34.277
1? 189 c318 5.914 27.623 17.131 -0.012 10.480 37c P4'L
16 195. 264 5.978 28.059 17.282 -0.012. 10.765 .36.199
17 201.231 5.956 28.438 17.430 -0.012 11.046 37. 144
18 207.257 6 0095 ?8.907 17.559 -0.012 11.336 33. 119
19 ■ 213.320 6 .032 29.317 17.687 -0.012 11.618 39.067
20 219. 400 6 0127 29.645 17.812 -0.012 11.821 39.770
21 225. 515 6.104 30.109 17.923 -0.012 12.174 40. 937
22 231.620 6.106 30.459 I8.035 -0.013 12.411 41.734
23 237.725 6 .103 30.840 18.142 -0.013 12.685 42.677
24 243. 826 6.099 31.195 13.244 -0.013 12.938 43. 706
25 249. 924 6 o093 31.545 18.339 -0.013 13.193 44.364
26 12.224 lc109 0.635 0.100 -0.001 0.534 1 c790
27 13. 565 1c573 0.810 0.131 -0.002 0.677 2.277
28 15.130 lc 558 1.030 0.179 -0.002 0.849 2.877
29 16.814 lc803 1.284 0.246 -0.003 1.035 3.480
30 18.635 1.935 1.565 0.340 -0.003 1.222 4.109
31 20.762 9c— •219 1.835 0.463 -0.004 1.413 4.768
32 23.205 2.668 2.315 0.652 -0.004 1.659 5.779
33 25.865 p.652 2.790 0.917 -0.005 1.363 6 .281/•J ‘T 28.633 2c834 3.308 1.236 -0.005 2.067 6.971
35 31.678 3.205 3.916 1.644 -0.006 2.266 7.620
36 35.064 3.568 4.624 2.169 -0.006 2.449 8.237
37 39.022 4.348 5.494 2.854 -0.007 2.633 3.354
33 43. 502 ALr 0612 6.500 3.676 -0.008 2.816 9.469
39 A H “■rU *508 5.399 7.641 4.628 -0.003 3.005 10.107
65,
Run 0 AS / AT E/AT Correct­ AE/AT Cp°
No. 1!n R AT ( ce
J 84C
il + 
6 a)
( cal) ions . ( P r w (P4-O10)
40 54. 038 5c661 8.923 5.634 -0o008 3.231 10c 865
41 59 0753 5c775 10o22.3 6.752 -0.009 3.467 11c 658
42 6 5 0 6 56 6 .031 11. 510 7 .735 -0.009 3.716 12. 496
43 71c 627 5o912 12. 745 00o765 -0.010 3.970 13 c350
44 77 c370 5. 573 13 c917 9.625 -0.010 4.282 14. 399
45 83 0049 5c786 15c 016 10 .423 -0.010 4.583 15.411
4 6 88. 930 5c975 16.073 11 .171 -0.011 4.891 16.447
47 94. 919 6 o004 17. 090 11 .871 -0.011 5.228 17c 580
43 100. 933 6.024 18. 043 12 .458 -0.011 5.574 18. 743
49 252. 579 6.008 3lc 740 18 .373 -0.013 13.349 44 c888
50 258. 590 6. 013 32. 076 18 .461 -0.013 13.602 4 5 .739
51 264. 608 6 o024 32. 391 18 c545 -0.013 13.833 4 6 .516
52 270. 599 5.953 32. 715 18 .628 -0.013 14.074 47.326
53 276. 544 5c932 33c 036 18 .713 -0.013 14.310 48 0120
54 282.488 5.955 33 c315 18 c795 -0.013 14.507 4 8 .782
55 288.450 5c970 33 c628 18 .375 -0.013 14,740 49 c566
56 2940430 5.990 33 c901 13 .955 -0.013 14.933 50. 215
57 300.429 6 o007 34. 195 19 .045 -0.013 15.137 50. 901
53 306.446 6 0028 34. 482 19 .115 -0.013 15.354 5 1 .63O
59 312c 483 6.045 34c761 19 .196 -0.013 15.552 52. 296
6o 318. 499 ?=987 35c076 19 .277 -0.013 15.736 53 cO83
61 324. 500 015 35c 290 19 .356 -0.013 15.921 53 c537
62 238.700 5.698 30 c887 13 .159 -0.013 12.715 42c756
63 252. 162 5. 547 3lc 667 18 .372 -0.013 13.282 44 0663
64 257 c679 5.490 31.970 13 . 449 -0.013 13.503 45. 423
6 5 289.857 5c496 33 c681 13 .894 -0.013 14.774 49. 630
66 295. 328 5.446 33* 943 18 .968 -0.013 14.962 5o0312
67 300.752 5.401 34. 204 19 .048 -0.013 15.143 50. 921
68 306. 131 5c357 34. 466 19 .111 -0.013 15.342 51. 590
66 o
TABLE 9
Run r\ AE/AT AS/AT C o r r e c t ­ AE/AT Cp°_
N o . Tm K AT ( c a l  + ( c a l ) i o n s  0 (N a l l  2 (N an?
_ ---------------------------- ----------------------
ITa l ; ,P 0 .t )
— • -------- -----
P0.) PO4J—
1 99.864 4.153 23.326 12.357 -0.012 10.957 12.695
2 104.226 4.565 24.147 12.769 -0.012 11 . 366 13.169
3 108.947 4.377 25.032 13.18.1 -0.012 110839 13 0 717
A. 114.108 5.433 25.917 13.605 -0.013 12.299 14.250
5 119.450 5.245 26.783 14.019 -0.013 12.751 14.773
6 124.769 5.396 27.601 14.395 -0.013 130193 15*285
'7 130.159 5.385 23.386 14.735 -0.013 13.638 15.801
nU 135.583 5.474 29.175 15.041 -0.013 14.121 16.36].
9 141.071 5.491 29.889 15.329 -0.013 14.547 16.354
10 13.013 l. 181 0.2371 0.116 -0 0 002 0.169 0.196
11 14.556 1.905 0.3637 0.160 -0.002 0.207 0.240
12 16.163 1.310 0 . 53 55 0.220 -0.003 0.313 O.363
13 17.697 1.757 0.7219 0.287 -0.003 0.432 0.501
14 19.506 1.862 0.9598 0.387 -0.004 0.569 0.659
i ? 21.356 1.838 1.254 0.502 -0.004 0.748 0.867
16 23.343 2.145 1.639 0.665 -0.005 0.969 1.123
17 25.630 2 .419 2.123 0.893 -0.005 1.225 1.419
18 30.836 2.629 3.443 1.526 -0.006 1.916 2.220
19 33.288 2.276 4.172 1.386 -0.007 2.279 2.640
20 35.409 1.965 4.823 2.226 -0.007 2.590 3.001
21 37.434 2.086 5.476 2.570 -0.007 2.899 3-359
22 39.791 2.627 6.252 2.993 -0.008 3.251 3.767
23 42.466 2.723 7.165 3.488 -0.008 3.669 4 . 2 51
24 45.204 ■2.754 3.094 3.990 -0.009 4.095 4.744
25 47.667 2.174 8.930 4.464 -0.009 4.457 5.164
26 49.898 2.290 9.690 4.900 -0.009 4.781 5.539
27 32.403 2.723 10.532 5.373 -0.010 5.194 6.018
28 55.199 2.353 11.526 5.905 -0.010 5.611 6.501
29 53.319 3.395 12.570 6.485 -0.010 6.075 7.039
30 62.134 4.233 13.797 7.177 - 0.010 6.610 7.658
31 66.627 4.753 15.154 7.949 - 0.010 7.195 8.336
32 71.554 5.101 16.563 8.753 - 0.011 7.799 9.036
33 76.604 4.997 17.960 9.514 - 0.011 8.435 9.773
34 76.146 5.136 17.849 9.447 - 0.011 8.391 9.722
35 81.277 5.126 19.208 10.173 - 0.011 9.019 10.449
36 86.431 5.179 20.439 10.862 - 0.012 9.56 5 11.032
37 91.638 5.236 21.633 11.491 - 0.012 10.130 11.737
33 96.955 5.293 22.731 12.062 - 0.012 10.657 12.347
39 102.132 5.056 23.733 12.571 - 0.012 11.150 12.913
TABLE 9 (continued)
AS/AT AE/aT Cr)°
Run r\ (cal + AE/AT Correct- (NaH2 (NaH,
No. Tm K AT NaH?P0.-,) ( cal) ions o PO4) PLQ4.I
40 142. 023 5.443 30.043 15.377 -0.013 14.653 16.977
41 147. 551 5.610 30.713 15.665 -0.013 1J.040 17. 425
42 153. 222 5.731 31.363 15.923 -0.013 15.427 17. 874
43 159. 043 5.912 32.018 15.16? -0.013 15.843 18. 356
44 164. 962 5.926 32.691 16.372 -0.013 16.306 18. 892
45 170. 830 5.810 33.282 16.576 -0.013 16.693 19.341
4 6 176. 583 5.696 33.873 16.763 -0.013 17.102 19. 814
47 182.262 5.662 34.437 16.935 -0.013 17.489 20. 263
48 187. 880 5.573 34.938 17.092 -0.013 17=833 20.661
49 193. 443 5.554 35.422 17.236 -0.014 18.172 21.054
50 199. 005 5.570 35.912 17.912 -0.014 18.520 21. 457
51 204. 588 5.558 36.439 17.503 -0.014 18.922 21.923
52 204. 431 5.649 36.375 17.500 -0.014 18.861 21. 852
53 210. 039 5.568 36.844 17.618 -0.014 19.212 22. 259
54 215. 604 5.561 37.296 17.735 -0.014 19.547 22.647
55 221. 197 5.626 37.743 17.845 -0.014 19.884 23 =033
56 226.821 5.622 38.172 17.947 -0.014 20.211 23. 417
57 232. 443 5.622 38.572 18.050 -0.014 20.508 23. 761
58 238. 105 5.701 39.036 18.149 -0.014 20.873 24. 184
59 243. 809 5.708 39.446 18.243 -0.014 21.189 24. 550
6o 249. 552 5.778 39.350 13.333 -0.014 21.503 24. 914
6l 255. 348 5.834 40.272 18.419 -0.014 21.839 25. 303
62 261.182 5.833 40.702 18.497 -0.014 22.191 25.711
63 267. 017 5.838 41.076 18.573 -0.014 22.484 26.05 0
64 272. 855 5.838 41.490 18.661 -0.014 22.815 26.434
6 5 278.699 5.847 41.860 18.743 -0.014 23.103 26.767
66 284.528 5.812 42.260 18.823 -0.014 23c423 27. 138
67 290.347 5.826 42.649 18.901 -0.014 23.734 27. 493
68 296.178 5.835 43.031 18.981 -0.014 24.036 27.848
69 302.017 5.844 43.409 19.063 -0.014 24.332 23. 191
70 307.866 5.8 54 43.738 19.134 -0.014 24.640 28.548
71 313.721 5.855 44.244 19.213 -0.014 25.017 23. 935
72 323.743 2.558 44.789 19.346 -0.014 25.443 29.478
73 326.284 2.544 45.004 19.377 -0.014 25.613 29.675
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TABLE 10
A1p03 Molar Thermodynamic Properties
rp°
I K
Cp° 
cals 0 
deg.“1
s°
cals^ 
deg.~1
T-T^ -T-T^' n 0 
cals.
(Ho -h°0 )VT
cals 0deg.“1o
-(G°-H°(
cals.dc,
10 0.0008 0.0003 0.002 0.0002 0.00006
*5 0.003 0.0009 0.011 0.0007 0.0002
20 0.011 0.002 0.037 O.OOP 0,0005
25 0.031 0.007 0.139 0.006 0.001
30 0.062 0.015 0.365 0.012 0.003
35 0.105 0.028 0.777 0.022 0.005
40 0.166 0.045 1.446 O.O36 0.009
45 0.249 0.070 2.475 0.055 0.015
50 0.359 0.101 3.981 0.080 0.022
6o 0.670 0.193 9.043 0.151 0.042
70 1.096 0.327 17.82 0.255 0.073
80 1.663 0.510 31.56 0.394 0.115
90 2.312 0.742 51.36 0.571 0.171
100 3.050 1.023 78.05 0.781 0.242
110 3.884 1.352 112.7 1.025 0.328
120 4.776 1.728 156.0 1.300 0.428
130 5o700 2.147 208.3 1.602 0.544
140 6.651 2.604 270.0 1.929 0.675
150 7.600 3.095 341.3 2.275 0.820
160 8.550 3.616 422.0 2.638 0.978
170 9.521 4.163 512.4 3.014 1.149
180 10.455 4.734 612.3 3.402 1.332
190 11.367 5.324 721.4 3.797 1.527
200 12.190 5.927 339.1 4.196 1.732
210 13.047 6.543 965.3 4.597 1.946
220 13.357 7.169 1100 4.999 2.169
230 14.600 7.801 1242 5.401 2.400
240 15.312 8.438 1392 5.799 2.639
250 15.996 9.077 1548 6.194 2.883
260 16.683 9.718 1712 6.584 3.134
270 17.318 10.360 1882 6.970 3.390
280 17.896 11.000 2058 7.350 3.650
290 18.436 11.637 2240 7.723 3.914
300 18.946 12.271 2427 8.089 4.182
310 19.441 12.900 2619 8.447 4.454
320 19.935 13.525 2315 3.798 4.727
330 20.429 14.146 3017 9.143 5.003
273.15 17.502 10.561 1937 7.093 3.469
298.15 18.853 12.154 2392 8.023 4.131
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TABLE 11.
Hexagonal P/iO-m. Molar Thermodynamic Projperties (Series 1) ,
T°K Cp cals. 
deg.-1
Sc cals. 
deg 0 ”1
TT° ttOH “d 0 
cals,
(H°-H°q)/T 
cals. deg.-1
-(G°-H°0)/T 
cals.deg,_1
5 0.129 0,043 0.161 0.032 0.011
10 1.03 0,34 2.577 0.258 0.086
15 2.81 1,09 12.14 0.810 0.285
20 4. 56 2,15 30.62 1.53 0.615
25 6.09 3-33 57.39 2.30 1.04
30 7.28 4 0 58 90.97 3.03 1.52
35 8.19 5.75 129.7 3.71 2.04
40 8.97 6.89 172.6 4.32 2.58
45 9.68 7.99 219.3 4.87 3 4 ?
50 10.36 9.05 269.4 5.39 3.66
6o 11.70 11.05 379.7 6.33 4.73
70 13.10 12.96 503.6 7.19 5.77
80 14.74 14.81 642.5 8.03 6.78
90 16.60 16.66 799.1 8.88 7.7 3
100 18.59 ' 18.50 974.7 9.75 8.76
110 20.52 20.36 1170 10.64 9.73
120 22.48 22.23 1335 11.54 10.69
130 24.42 24.11 1619 12.46 11.65
140 26.42 25.99 1874 13.38 12.61
150 28.30 27.88 2147 14.32 13.56
160 30.13 29.76 2440 15.25 14.52
170 31.91 31.64 2750 16.18 15.47
180 33.60 33 • 52 3077 17.10 16.42
190 35.32 35.38 3422 18.01 17.37
200 36.90 37.23 3784 13.92 18.32
210 38.53 39.03 4161 19.81 19.26
220 40.06 40.90 4554 20.70 20.20
230 41.55 42.72 4962 21.57 21.14
240 43.00 44.52 53 8 5 22.44 22.08
250 44.37 46.30 5822 23.29 23.01
260 45.80 48.07 6272 24.12 23.94
270 47.13 49.32 6737 24.95 24.87
280 48.38 51.56 7215 25.77 25.79
290 49.62 53.28 7705 26.57 26.71
300 50.82 54.93 8207 27.36 27.62
310 52.10 56.67 8722 28.13 28.53
320 53.34 58.34 9249 28.90 29.44
330 54.56 60.00 9789 29.66 30.34
273-15 47.53 50.37 6888 25.22 25.15
298.15 50.61 54.66 8114 27.21 27.45
TABLE 12
Hexagonal P mic Properties (Series
T°K Cp cals cais
deg. deg._1 cals.
5 0 014 0.050 0.18
10 1.03 O.36 2.65
1? 2.81 1.11 12.19
20 2.16 30.66
25 6.09 3.34 57.39
30 7.28 4.56 90.93
3? 8 „ 22 5.76 129.3
40 3.98 6.91 172.8
45 9 068 8.01 219.5
50 10.36 9.06 269.6
60 11.70 11.07 379.9
70 13.12 12.98 503.9
30 14.76 14.84 643.2
90 16.60 16.68 799.8
100 18.77 18.53 975.7
110 20.73 20.39 1171
120 22.47 22.26 1386
130 24.43 24.13 1620
140 26.42 26.02 1875
150 23.30 27.9-1 2148
160 30.13 29.79 2441
170 31.90 31.67 2751
180 33o70 33.54 3079
190 37.34 35-41 3424
200 36.94 37.26 3785
210 38.73 39.11 4163
220 40.06 40.93 4556
230 41.77 42.75 4964
240 42.98 44.55 5386
250 44.37 46.33 5323
260 47.80 48.10 6274
270 47.18 49.35 6739
280 48.44 5-1.59 7217
290 49.63 53.31 7703
300 70.83 55.01 3210
310 72.08 56.70 8724
320 73.27 53.37 9251
330 74.73 60.03 9790
273. 17 47.79 50.40 6890
298. 17 70.60 54.70 8117
(H°-H°q )/T 
calSo degl
0„037
0,266
0.813
1.53
2.30
3.03 
3.71 
4.3?
4.88
5.39
6.33
7.20
8.04
8.89 
9.76
10.65
11.55
12.47
13.39
14.32
15.25
16.13 
17.10 
18.02
18.93
19.82
20.71
21.58 
22.44
23.29
24.13 
24.98 
25.78
26.58 
27.37
28.14 
28.91
29.67
25.22
27.22
-(G°-H°0)/t 
cals adeg.“i
0.013
0.093
0.295
0.625
1.05 
1.53
2.05 
2.59 
3.13 
3.67
4.74
5.78 
6 .80
7.79 
8.77
9.74
10.71 
11.67 
12.63 
13.58 
14.54 
15.49 
16.44 
17.39 
18.34 
19.28 
20.23 
21.16 
22.10 
23.04 
23.97 
24.89 
25.81 
26.73 
27.65 
23.56
29.46
30.36
25.18
27.47
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TaBLC 13 .
NaH2PjQ/. (c). Molar Thermodynamic Properties .
T K
u
Cp cals. 
deg.“1
S° cal 
deg. ”1
5 0.01 o coo3
10 0.09 0.029
15 0.31 0 o10
20 0.70 0.24
25 1.33 0.46
30 2.08 O.76
35 2.94 1.15
40 3.81 1.60
45 4.68 2 010
50 5c 57 2.64
6o 7.33 3.81
70 8.83 5-05
80 10.26 6.33
90 n . 5 2 7.61
100 12 . ? 0 3.39
110 13.81 10.15
120 14.83 11.40
130 15.78 12.62
140 16.77 13.33
150 17.64 15.01
160 18.48 16.18
170 19.29 17.33
180 20.08 18.45
190 20.81 19.56
200 21.53 20.64
210 22.26 21.71
220 22.95 22.76
230 23.64 23.79
240 24.30 24.81
250 24.95 25.31
260 25.61 26.81
270 26.24 27.79
280 26.35 28.75
290 27.48 29.71
300 28.06 30.65
310 23.74 31.58
320 29.40 32.50
330 30.06 33.42
273 015 26.43 28.09
298.13 27.97 30.47
H°-H°n (H°-H°0)/T -(G“-ir0)/T
cals. cals. cleg„“i cals.deg. 1
0.013 oeoo3 0.001
0.,223 0 c 022 0.007
1.13 0.076 0.025
J «,53 0.179 0.059
3e,58 0.343 0.116
17.,02 oe 567 0.197
29«, 56 0 0 844 0.305
46«, 46 1 0 l6 0.438
67..67 1.50 0.594
93«,27 1087 0.771
157.>9 2.63 1.18
238.,8 3 0 41 1.64
.334.,3 4 018 2.15
443.,4 4.93 2.68
564.5 5.65 3 c 24
697.,1 6.34 3.31
840,3 7.00 4.39
993.,6 7.64 4.98
1157 80  2 6 5.57
1329 8.86 6.16
1509 9.43 6.75
1693 9.99 7.34
1895 10.53 7.92
2100 11.05 8.51
2311 11.56 9.09
2530 12.05 9 * 66
2755 12.52 10.23
2988 12.99 10.80
3228 13 c 45 11.36
3474 13 c 90 11.92
3727 14.34 12.47
3987 14.76 13.02
4252 15.19 13.57
4524 15.60 14.11
4801 16.00 14.64
5085 16.40 15.18
5376 16.80 15.70
5673 17.19 16.23
4070 14.90 13.19
4750 15.93 14.54
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B. Heat of Solution Measurements.
The following explanations of the Table headings apply 
throughout s
Calibration Factor 
(jLtv/1 cal) .
A /x v  expt.
AH expt
AH soln,
aR Cu
The change in thermocouple e.m.f. 
per calorie of electrical energy 
supplied to the calorimeter + 
contents (after the chemical 
reaction heat had been recorded).
The change in thermocouple e.m.f. 
brought about by the chemical 
reaction heat. A positive value 
indicates an exothermic reaction.
The experimental reaction heat 
obtained in the calorimeter from 
the weight of material specified. 
Obtained as the ratio of A p,v expt. 
to the Calibration Factor.
The molar heat of solution and 
reaction. The value of AH eXat0 
for.one mole of reactant.
The change in the value of a 
copper resistor used as a temperature 
sensor for a few experiments.
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Details of the volumes and concentrations of reagents used 
as calorimetric fluids are given below. These apply to all 
headings for Tables listing heat of solution measurements.
The following reagents were used as calorimetric fluids; 
62% aqueous perchloric acid (one batch of A.R. material)3 
dilute aqueous sodium hydroxide (one batch of NaOH 71.11 H203 
standardised with potassium hydrogen phthalate), dilute aqueous 
hydrochloric acid (one batch of 0.1012 M HC1 aq., standardised 
with sodium carbonate) and normal laboratory distilled water.
All volumes of these materials added to the calorimeter were 
left as constant as possible by use of a common pipette 
(9806 mis. at 20°C) and by keeping the reagents at reasonably 
constant temperature (usually 18 - 23°C) - however9 for work 
at 60°with perchloric acid it was necessary to preheat the 
reagent and quantitative transfer of the hot acid was not 
always possible, so that variations in volume of calorimetric 
fluid of up to 0.5^ occurred. These variations were far too 
small to produce changes in heats of solution due to 
concentration effects.
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(1) Heat of formation of aqueous orthophosphoric acid.
The reaction scheme used was based upon the equation 
P 4.0x0 (hex) + 8.5662 H20 (1) - 0.6416 II20 (1)]
Table 14 lists the results for the heats of solution of P 4_010 
into 62% perchloric acid containing the stoichiometric amount 
of water required by the equation above. The values for the 
molar heat of solution are plotted in Figure 8 as a function of
the number of millimoles P4O10 used for each experiment. The
value at 2 millimoles concentration level for the heat of 
solution is -77.706 ± 0.015 K.cals. mole 1
Table 15 lists the results for heats of solution of 
water over a wide range of concentration. The value for the
heat of solution at the concentration level of 17.13 millimoles
per volume of perchloric acid used was obtained from a plot
of molar heat of solution versus millimoles H20 used (Figure 9)
and gives -1.274 ± 0.001 K.cals. mole"”1.
The heats of solution of the aqueous orthophosphoric acid 
were all made with 8 millimoles of H3PO4. 0.614 Ii20 (1). The 
mean value obtained was + 1.547 + 0.007 K.cals. mole 1.
Results are listed in Table 16.
The calculation of the reaction heat for the equation
below follows from the results obtained
P 4.O10(Hex) + 8.5662 H20 (1) - 4lH3P04 0.6416 H20 (1)]
-77.706 -1.274 +1.547
x 1 x 8.5662 x 4
i i 1
-77.706 -10.913 +6.188
AHr 58.96°C = -94.807 ± 0.025 K.cals./mole P4O10
T OP <>\v>
G~&SS.t'.\Sv3\i!U
R.C^CY*Ofci HCAT 
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9** O in y
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This result has to be corrected to 25°C and this was 
done by use of heat capacity data to fit the equation above s
Table 17 lists all the calculations and the values of ACp
for the reaction as a function of temperature. Over the 
range 25-60°C the two term equation ACp = -18.67 + 0.08033 T°C 
applied and integration between 25=00 and 58.96°C yielded a 
value for J A Cp. dT of -520 calories.
Thus AHr 25.00°C - “94 = 807 + 0.520 K.cals/mole P401Q
= -94o287 ± 0.030 K.cals/mole P 4010
The standard heat of formation of the aqueous 
orthophosphoric acid was calculated using this datum and 
standard heats of formation of Hexagonal P4010 (Ref. 1) and 
water (Ref. 27).
aHf° . P4.0io (Hex) = -719.359 K.cals mole”1
AHf° 9 8 H20 (1) = - 68.314 K.cals mole
4% 25.00 = 4(AHf°98 H3PO4 ) -AHf/a P4O10 -6(4Hf2 98 H2 0 ) 
AHf2 9 8 H3P0 4 = i (-94.287 - 719.359 - 409.884)
= -3 0 5 . 8 8 3 ± 0.01 K.cals.mole-1
Thus the standard heat of formation of aqueous orthophosphoric 
acid at a dilution of 0.6416 moles H20 is -305=883 ± 0.01 
K.cals mole”1„
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TABLE 14.
Heat of solution of P4O10 into 62% HC104 + the
stoichiometric amount of water required, at 58.96°C.
Calihration AH soln.
Weight 
P 4O10 (g) A jiv expt.
Factor 
(jiiv/1 cal.)
AH expt. 
(cals.)
AH/lg 0 P 4.010 
(cals)
(K 0 cals 0 
mole~i
0.5406 +366.10 2.4736 -148.00 -273o77 -77.720
0.6768 +459„47 2.4808 -185.21 -273•66 -77.688
0 .6844 +467020 2.4934 -187.37 -273-77 -77.721
0.4790 +326.22 2.4882 -i3i.il -273 °72 “77.705
0.6069 +411.72 2.4791 -1660O8 “273.65 “77.687
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Heat of solution of water into 62% HC104 at 5S.96°C
Calibration AH soln
Weight 
H 20 (g) A ijly expt.
Factor
(/AV/1
0.3876 +68.36 2.504
O.J675 +99•40 2.502
0.7291 +126.98 2.499
0.9295 +161.35 2.497
1.1531 +199=26 2.493
1.4066 +242.14 2.489
AH expt. 
(cals.)
Millimoles
H20.
(K.cals 
mole ’1
-27.31 21.5 -1.269
-39.73 31.5 -1.261
-50.82 40.5 -1.256
-64.62 51.6 -1.252
-79.93 64.0 , -1.249
-97.30 78.1 -1.246
Corrections to AH expt. due to water vapour (v.p.H20 (1) 
at 60WC is 149 nun Hg) were less than the experimental error 
and were accordingly neglected.
TABLE 16.
Heat of solution of H jPO^ 0.6416 H oO (l)into
62^ HC104 at 58,96°C
Weight H^ POi, 
(g) A jzv expt
Calibration 
Factor 
0 (uv/1 cal)0
AH expt. 
(cals)0
AH/lg H3PO4. 
(cals).
AH soln 
(K.cals 
mole“i)
0.8792 -30.57 2.4'76 +12.35 +14,05 +1.539
0.8728 -30.59 2.489 +12.29 +14,08 +1.543
0.8740 -30.82 2,489 +12.38 +14.17 +1.552
O.88I3 -30.98 2,472 +12 0 53 +14.22 +1.558
0.8731 -30.66 2,491 +12.31 +14.10 +1.545
Mean value + 1. 547 ± 0.007 K.cals.mole ”1
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TABLE 17.
Heat Capacity Correction from 58*96 to 25°Q0°C
T°C Phosphoric .Acid Water E.U10 Reaction
Sp.Ht/
Igo
Sp.Ht. x 
M. Wt.
109 ,5532
Cp x 4 Cp Cp X
8.5662
Cp
ACp
2? 0.4293 47 c 03 188.12 18.00 154.19 50.61 -l6 .68
30 0.4316 47 0 28 189.12 17.99 154.11 51.25 -16.24
35 0.4339 47.54 190.16 17.99 i54.ll 51.84 -15.79
40 0o4362 47.79 191.16 17.99 i54.ll 52.46 -15.41
4? 0.4386 48.05 192.20 18.00 154.19 53.09 -15.08
?o 0.4411 48.32 193.28 18.00 154.19 53.70 -14.61
55 0.4435 48.59 194.36 18.01 154.28 54.33 -14.25
6o ■ 0.4459 48.85 195.40 18.02 154.36 54.96 -13.92
Specific Heat Referencess
Aqueous phosphoric acids (48)
Water (49)
P 4.0io (Hex) This work,
(2) Heats of formation of sodium orthophosphates.
The reaction schemes used were based upon the equations 
H 3P04 0.6416 H20 (1) + NaOH 7-1.112? H20 (1) -
NaH2P04(c) + 72.7541 H20 (1) 
H H 3PO4 0.6416 H20 (1)] + NaOH 71.112? Ii20 (1) -
iNa2HP04(c) + 72.4333 H20 (1) 
1/3CH3P04 0.6416 H20 (1)] + NaOH 71.1125 H20 (1) ->
l/3Na3P04.( c) + 72.3264 H20 (1)
The solvent used was NaOIi 71.1125 H20 (1) and materials 
were stoichiometrically dissolved according to the equations 
at a reference temperature of 25°C. Reactant concentrations 
were based upon 2.7 millimoles NaH2P049 1.35 millimoles Na2HP0 
and 0.9 millimoles Na3P04 - thus the same quantity of 
aqueous NaOH was required for each set of experiments and 
very nearly the same quantity of water.
Table 18 lists the results of the heat of solution of 
H 3P04 0.6416 H20 (1) into the aqueous NaOH. There was little 
apparent variation of AH with concentration and the mean 
value “40.528 ± 0.015 Ii cals. mole”1 was used for all three 
reaction schemes. The extra amount of NaOH 71.1125 H20 (1) 
required for exact stoichiometry was added before each 
experiment. The heat of solution of any amount of the 
aqueous NaOH was thus exactly equal to zero.
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Tables 19? 20 and 21 list the results for the heats
of solution experiments with NaH2P04 (c) ? Wa2HP04 (c) and
Na3P04(c). Before each experiment the amount of water
required for exact stoichiometry was added, the heat of
solution of this material was not measured but was
27
calculated from the accurate data available . For all 
three amounts of water, 72.7541, 72.4333 and 72.3264 moles 
the same small value of AH soln. = + 0.067 K cals was 
obtained.
The values for the heats of solution of the three 
orthophosphates into NaOH solution were % NaH2P04 - 21.497 
± 0.010 K cals. mole x, Na2HP04 -15.083 ± 0.012 K cals.mole-1 
and Na3P04 - 18.897 ± 0.020 K cals mole”1.
The reaction heats for the three equations were 
calculated and by use of the standard heats of formation of 
water (-68.314 K cals mole"1 Ref. 27)? NaOH 71.1125 
(-112.291 Ref. 25 and 27) and H3P04 0.6416 H20 (1)
(-305.883 This work) the three standard heats of formation 
were obtained 5
AHf298 NaH2P04(c) = -368.958 ± 0.02 K cals.mole”1
AHf29s Na2HP04(c) = -419.418 ± 0.02 K cals.mole-1
AHf298 Na3P04 (c) = -459.645 ± 0.03 K cals.mole-1
85.
In addition measurements of the heat of solution of 
Na3P04(c) into water at 25^0 wore carried out. Table 22 
lists the results. This affords a value for the heat 
of formation of Na3P04 in water at a dilution of 930 H20.
Thus AH soln. Na3P04 into 930 moles H20 - -15.702 ± 0
K cals.mole
and AHf298 Na3P04 930 H20 - -475.347 ± 0.04 K cals.mole-1.
022
i
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TABLE 18.
Heat of solution of H^PC^ 0.6416 H20 into 
NaOH 71.112? H20 at 25°C.
Weight 
HoPO* 
(g)
A jUV 
expt 0
Calibration 
Factor 
(,uv/l cal) o
AH expt. 
(cals).
Milli­
moles
HqPO,
AH soln. 
(K 0 cals. 
mole”1)
0.24394 +38.44 0.42623 -90.19 2.2 -40.504
0.10137 +15.93 0.42503 -37.48 0.9 -40.516
0.34816 +54.99 0.42671 -128.88 3.2 “40.554
0.19444 +30.57 0.42505 “71.91 1.8 -40.516
0.26122 +41.20 0.42619 -96.67 2.4 -40.542
0.28701 +45.27 0.42648 -106.19 2.6 -40.533
Mean value - 40.?28 ± 0.015 K.cals.mole 1
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Heat of
TABLB 19. 
solution NaH2P0,4. into NaOH 71.1125 H20(1) +
Stoichiometric ainount of water at 2'~'Or
Weight
NaHgPO* A/iv
Calibration
Factor AH expt
AH/lg
NaHgPO*
AH soln. 
(K.cals
(g) expt. (;uv/l cal) „ (cals). (cals) mole”i)
0.32448 +24.757 0.42608 -58.10 -179.06 -21.483
0.32518 +24.777 0.42532 -58.25 -179.13 -21.492
0.32411 +24.787 0.42667 -58.09 -179.23 -21.503
0.32404 +24.696 0.42511 “58.09 -179.27 -21.508
0.32507 +24.865 0.42690 “58.25 “179.19 -21.499
Mean value -21.497 ± 0.010 K.cals mole”1
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TABLE 20.
Heat of solution Na2HP04 into NaOH 71.112? H20(1) + 
Stoichiometric amount of water at 25°C
Weight
Na2HP04
(g)
A,UV 
expt.
Calibration
Factor
(/a v/1 cal)
AH expt. 
(cals).
aH /1 g 
Na2HP04 
(cals).
AH soln. 
(IC cals. 
mole”i)
0.19245 +8.714 0 .42?80 -20.47 -106.37 -1?.100
0.19282 +8.700 0.42?06 -20.47 -106.16 -1?.071
0.19246 +8.688 0.42483 -20.4? -106.26 -1?.084
0.19192 +8.683 0.42?91 -20.40 -106.29 -1?.089
0.19203 +8.681 0.42?76 -20.39 -106.13 -15.073
Mean value -1?.083 ± 0.012 K.cals mole 1
TABLE 21.
Heat of solution Na3P0 4. into NaOH 71.1125 H20 +
Stoichiometric amount of water■ at 25°C.
Weight 
N a d P 0 4 
(1)
A /.tv 
expt.
Calibration 
Factor 
(,uv/l cal) .
AH expt. 
(cals).
aH/lg 
Na3P04 
(cals)0
AH soln 
(K cals 
mole~i)
0.14833 +7.285 0 .42587 -17.11 -115.35 -18.911
0.14792 +7.267 0.42610 -17.05 -115.27 -18.897
0.14840 +7.289 0.42553 -17.13 -115.43 -18.924
0.14914 +7.330 0.42694 -17.17 -115.13 -13.874
0.14858 +7.300 0.42669 -17.11 +115.16 +18.879
Mean value -18.897 ± 0.020 K.cals.mole 1
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TABLE 22.
Heat of solution Na?P0/, into water at 25c,
Weight Calibration AH soln.
Na.PO, il jLiV Factor AH expt. Dilution. (K.cals,
(g) expt . (,uv/l eal_.) (cals). mole“i)
0.8329 +32.93 0.41277 -79.73 1 929 “15c703
0.8331 +33 oOO 0.41308 “79 089 1 0 928 -15.721
c. 3.320 +32.84 0.41261 “79c59 1 930 -15.683
Mean value -15.702 ± 0.022 K.cals mole~1
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(3) Heats of formation of sodium pyrophosphates.
The reaction schemes used were based upon the 
equations z
2NaIi2P04. (c) -> Na2H2P207 (c) + H20 (1)
2Na2HP04 (c) - Na*P207 (c) + H20 (1)
The solvent used was 62% perchloric acid at a reference 
temperature of 5<3o96°C0 Reactant concentrations were based 
on 1.695 millimoles Na2PI2P207 and 1.39 millimoles Na4.P207 .
The heat of solution of water had been obtained earlier 
(under AHf H3PO4. aq.) so heats of solution of the pyrophosphates 
were measured using perchloric acid containing the 
stoichiometric amounts of water required, Tables 23 and 24 
list the experimental results. The values obtained for 
the heats of solution were ?
Na2H2P207 = -1.111 £ 0.017 K cals. mole"1
Na4P207 = “30.255 i 0.020 K cals. mole”1 .
The value for the acid pyrophosphate Na2H2P207 had to 
be corrected for an impurity of Maddreli's salt. In the 
absence of information about the heat of solution into HC104 
of this salt, the correction was applied by taking the 
impurity as crystalline (NaP03)3 - the heat of solution of 
this material is described later (part (4) Table 30)• The 
impurity level was 5,1% and due to the very much more
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exothermic heat of solution of (NaP03)3 (c) (-50.62 cals.g”1
compared to the apparent -5.01 cals. g’1 of Na2H2P207 (c)) 
the corrected value is altered by 0 .54.3 K cals. mole”1 giving"
A^soln. Na2H2P 207(c) = -0.563 K cals. mole 1
Tables 25 and 26 list the results of the heat of 
solution experiments for NaH2P04(c) and Na2HP04(c).
The values obtained were
NaH2P04 (c) = +I.683 + 0.010 K cals. mole”1 
Na2HP04 (c) = -12.199 ± 0.016 K cals.mole”1
The values interpolated from Figure 9 for the heats of 
solution of water at concentration levels of 1.39 and 1.695 
millimoles were both -1.295 K cals. mole”1.
The reaction heats were calculated for both equations 
and corrected to 25°C by appropriate heat capacity data 
(Tables 27 and 28) then using the heats of formation of the 
sodium orthophosphates obtained earlier along with the 
Circular 500 value for the heat of formation of water the 
two heats of formation were calculated s
Alif298 Na2H2P207 (c) = -664.677 ± 0.02 K cals.mole’1
AHf298 N a ^ O y  (c) = -763.727 ± 0.03 K cals.mole-1
Heat of solution NaoHoPoQ? (c) with 62% HCIOa + 
Stoichiometric amount of water at 58a96uC
Weight 
NaoHpPpO? A
ial
0.3768
0.3751
0.3759
0.3770
0.3755
+4.78
+4.65
+4 . 6 5
+4.58
+4.75
Calibration 
Factor 
,v/l pal)
2.484
2.498
2.495
2.481 
2.476
AH/lg Na2H2P207 
AH expt (cals).
(cals)
■1.92 
■1.86 
■1.86 
■1.85 
■1.92
-5.10 
-4.96 
-4.95 
-4.91' 
-5.11
/HI soli 
(K cals,
mole ILL
-1.131
-1.101
-1.098
-1.089
-1.135
Mean Value -1.111 ± 0.017 K cals.mole 1
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TABLE 24.
Heat of solution N a 207 into 62$ HC10A. + 
Stoichiometric amount of water at 58B96°C
Weight 
Na 4P 2 O7 
(g)
A |UV 
expt.
Calibration 
Factor 
(,uv/l cal) .
AH oxpt 
(cals).
AH/lg N a ^ O y  
(cals)„
AH soln. 
(K cals.nr
0.3713 +105.00 2.4832 -42.28 -113.87 -30.273
0.3711 +104. 58 2.4746 -42.25 -113.35 -30.273
0.3708 +104.48 2.4781 -42.16 -113.70 -30.233
0.3705 +105.18 2.4960 -42.14 -113.74 -30.244
0.3721 +104.96 2.4793 -42.33 -113.76 -30.249
Mean Value -30•255 ±0o020 K cals.mole”1
Hoat of solution NaH2PO& into 62% HC10g_ at 58.96°C
Weight 
NaH2P0a 
( g )
A jjLV 
expt o
Calibration 
Factor 
(fjiv/1 calo)
AH expt. 
(cals)0
AH/lg NaH2P04 
(cals)
AH soIn 
(K cals.i
0.4066 -14.06 2 „ 484 +5. 66 +13.92 +1.670
0.4073 -14.18 2.502 +5.67 +13-92 +1.670
0.4073 -14.31 2.499 +5.73 +14.05 +1.686
0.4061 -14,26 2.494 +5-72 +14 0 09 +1.690
0.4072 -14.31 2.483 +5.76 +14.15 +1.697
Moan V a lu e  + I .683 + 0 .0 1 0  K c a l s 0m o le  1
TABLE 26.
Heat of solution Na?HPO 4. into 62% HC10A at 58.96°C ©
Weight
Na2HP0A
(g)
A jitv 
expt.
Calibration 
Factor 
(jLiv/1 cal) .
AH expt. 
(cals).
AH/lg Na 
(cals)
2HPO4 AH soIn. 
(K cals. 
mole~i)
0.3955 +84. 96 +2.4960 -34.04 -36.07 -12.218
0.3937 +84.78 +2.5037 -33.86 -86.01 -12.209
0 .3939
<"cl_00
co4- +2.4855 -33.81 -85.33 -12.185
0.3941 +84.08 +2.4879 -33.80 -35.77 -12.175
0.3948 +84.83 +2.4985 -33.99 -85.99 -12.207
Mean Value -12.199 ± 0.016 K cals.mole 1
TABLE 27.
Heat Capacity correction
1 
^
1 
hH 
!
0 
!
, 
(H 
|
Cp
2NaH2PO4.Cc)
Cp
Na pH2P 2 0 7 ( c) Cp H20 (1) ACp reaction.
25 55 086 47.24 13.00 +9.33
30 56 0 46 47.68 17.99 +9.21
35 57.04 48.15 17.99 +9.10
40 57.64 48.62 17.99 +8.97
45 57.94 49.08 13.00 +9 • 14
50 58.80 49.54 18.00 +3.74
55 59.39 50.01 18.01 +8.66
60 59.90 50.47 18.02 +8.59
Over the range 25 to 60°C the equation aCp = 9.89 - 0.0223TC
applied. The value of the integral J&Cp.dT between 25.00 and 
53o96°C = +304 calories.
Specific heat references s
Na2H2PO4.Cc) (This work) 9 Na2H2P207(c) (47)
980 
TABLE 28.
Heat Capacity correction 00° c.
T K Cp 2Na2HP04(c) Cp Na4P20y(c) Cp I-I20 (1) ACp reaction
25 64 0 68 57.63 18.00 +10.95
30 65.24 53.07 17.99 +10.32
35 65.73 53.50 17.99 +10.71
40 66,32 58.93 17.99 +10.60
45 66 0 82 59.37 18.00 +10.55
50 67.32 59.30 13,00 +10.48
55 67.82 60.23 18.01 +10.42
60 68,30 60.60 18.02 +10.33
Over the range 25 to 60°C the equation ACp = 11 .23 - 0,
fits the data and the value of the integral jACp .dT between
25o00 and. 5-3.96°C eopials +361 calories.
Specific heat references
Na2HP04(c), Na4P2 Oy ( c) (47)
Ho0 (1) (49)
(4) Heats of formation of sodium metaphosphates.
The reaction schemes used were based upon the
equations ;
3NaH2PO4.Cc) - (NaP03) 3 ( c) + 3H20 (1)
4NaH2PO4.Cc) -* (NaP03) 4.C c) + 4H2O (1)
The solvent used was 62% perchloric acid at a reference 
temperature of 58.96°C. Reactant concentrations were based 
upon the earlier value (used for the acid pyrophosphate) of 
3 °39 millimoles NaH2P04. The result obtained for the 
pyrophosphate work was used ?
i.e. AH soln. NaH2P04(c) = +1.683 ± 0.010 K.cals mole 1
The heat of solution of water at the concentration •
level of 3-39 millimoles was interpolated as -1.292 K.cals mol 
from Figure 9°
The heats of solution of the two metaphosphates? from
the results listed in Tables 29 and 30 were obtained as
(NaP03)3C c) - 15.483 ±0.020 K.cals mole”1
(NaP03) 4_( c) - 22.691 ±0.030 K.cals mole”1
The reaction heats were calculated for both equations 
and corrected back to 25°C by the heat capacity data listed
in Table 31° CIn the absence of specific heat data for
CNaP03)4 the(NaP03)3 data was used for both compounds).
Using the heat of formation of NaH2P04(c) obtained 
earlier and the Circular 5°° value for water9 the two heats 
of formation were calculated
flllfajS (K aP 0 3) 3 ( c) = - 878.575 ± 0.03 K.cals mole"1
AHf°98 (HaP03)4(c) = - H 69.384 ± 0.04 K.cals mole 1
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TABLE 29.
Heat of solution (NaPO3)4 into 62$ HCIO4 +
the stoichiometric amount of water required. 3
at 58 o96° 0o
Weight
(NaPO,)
(g)
4 A jL£V 
expt „
Calibration 
Factor 
(jLiv/1 cal) .
AH expt, 
(cals)
AH/1 g(NaPO3) 4 
(cals)
AH soln, 
K.cals 
molG“i
0.3453 +47.77 2.488 -19.20 -55.60 -22,678
O .3469 +47.88 2.479 -19.31 “55.66 -2.2.702
0.3451 +47.43 2.471(5) -19.19 -55.61 -22,679
0.3475 +47.86 2.471 -19.37 -55.74 -22.734
0.3461 +47.91 2.492 -19.23 -55.56 -22,661
Mean Value -22.691 ± 0 e030 K.cals mole 1
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TABLE 30 .
B o a t  o f  s o l u t i o n  (NaPOj ^  i n t o  62% HC10,. + 
t h e  s t o i c h i o m o t r i c  am oun t o f  w a t e r  r e q u i r e d .
3. ~b 3.96°C
Weight
(NaPO,),
(g)
A ,uv 
expt.
Calibration 
Factor 
(;.tv/l cal).
AH e x p t ,  
(cals).
AH/lg(NaP03)3 
(cals).
AH s o l n  
( K . c a l s  
mole“i)
0.3456 +43.34 2.434 -17.45 -50.49 -15.444
0.3467 +43.52 2.47S ; -17.56 -50.65 -15.492
0.3468 +43.52 2.476 -17.58 -50.69 -15.506
0.3460 +43.51 2.483 -17.53 -50.67 -15.493
0.3473 +43.70 2.437 -17.57 -50.59 -15.475
Mean V a lu e  -  1 5 .4 3 3  ± 0 .0 2 0  K . c a l s  m o le
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Heat capacity correction 53 ,96 to 25»oo°c.
T°C Cp iiaH2PO4.Cc) Cp H20(1)
1/3 Cp 
(NaPOj)
A Cp 
3 Reaction 
for NaPO,
ACp Reaction 
(NaP03)3 (NaP03
25 27.93 18.00 20.67 +10.74 +32,22 +42.96
30 23.23 17.99 20.84 +10.60 +31.80 +42.40
35 28.52 17.99 21.01 +10.48 +31.44 +41.92
40 28.82 17.99 21.18 +10,35 +31,05 +41.40
45 23.97 18.00 21.33 +10,36 +31.08 +41.44
50 29.40 18.00 21.49 +10,09 +30.27 +40„36
55 29.68 18,01 21.64 +9.97 +29.91 +39.83
6o 29.95 18.02 21.80 +9,87 +29.61 +39.48
Over the range 25 to 
ACp = 34.06 
ACp = 45.47
60°C the
- 0.0744 T
- 0.1016 T
two equations 
°C (Trimer)
°C (Tetramer)
apply. The values of the integrals J'ACp.dT between 2?. 00 and 
58.96°C are + 1051 calories (Trimer) and + 1399 calories 
(Tetramer)0
Heat Capacity References
(NaP0^)3 (47)? NaH2P04 (This work)
H20 (1) (49)
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(5) Heats of formation of sodium triphosphates.
The reaction schemes used were based upon the equation: 
2Na2HP04 (c) + NaH2P04 (c) - Na5P3010(c) + 2H20 (1)
The solvent used was 62% perchloric acid at a reference 
temperature of 5*8.96° C. Reactant concentrations were based 
on the use of 2.55 millimoles Na5P3010.
The heat of solution of water at the 5»1 millimoles 
level was obtained as -1.290 K cals.mole”1 from Figure 9*
The heats of solution of both phase 1 and phase 2 
anhydrous Na^P3O10 were measured using strong HC104 plus the 
stoichiometric amount of water required. Tables 32 and 33 
list the experimental results. The heats of solution 
obtained were i
Na^P3010 (c.l) -35*219 ± 0.022 K cals.mole”1
Ha5P 3O10 ( c.2) -32.609 ± 0.018 K cals.mole"1
The phase 1 material after correction for a 1% impurity
of phase 2 material gave a heat of solution of -35*24 ± 0.04
K cals.mole”1
Pleats of solution of an exact stoichiometric mix of 
NaH2P04 + 2Na2HP04 gave the results in Table 34. The value 
obtained for the heat of solution of [NaPI2P04(c) + 2Na2HP04( c) ] 
was -22.431 ± 0.018 K.cals.
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The reaction heats calculated for both phase 1 and phase 2 
in the original equation were corrected to 25°C using heat 
capacity data listed in Table 3?. With the heats of formation 
obtained earlier for both orthophosphates and the Circular 500 
value for the heat of formation of water, the two heats of 
formation were then calculated ?
0 -i
AHf298 Na5P3010 (c.l) = -1056 . 482 ±0.05 K.cals mole
AHf298 Na^P^xo (c.2) = -1059.092 ±0.03 K.cals mole 1
In addition to the work at 60°C some additional 
measurements at 25°C were made to obtain the heat of transition 
of phase 1 material to phase 2. This involved measuring the
respective heats of solution into water. In addition a 
similar series of measurements with the crystalline 
hexahydrate NajP3Oioo6H20 (c) was carried out.
The same calorimeter was used for these runs but the 
temperature sensor was replaced by a 100 ohm copper thermometer 
being used in an ordinary Wheatstone bridge network. Instead 
of the usual procedure of a separate calibration to each 
experiment and because of the identical nature of each heat of 
solution run? the calorimeter was calibrated electrically over 
the range of reaction heats expected with 100 mis of water 
and 0.39g N a ^ O ^  in the vessel. The average calibration 
figure was used for calculation of heats of solution. Care 
was taken to use exactly the same volume of water throughout.
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The electrical calibration experiments are listed in Table 36 
and the results for the various heats of solution are given 
in Tables 37? 38 and 39.
The experimental heats of solution obtained were 
Na^P3 0io (c.l) -l6,6l ± 0o02 K.cals mole 1
Na^P3O10 (c.2) -14.11 ± 0.02 K.cals mole 1
Na^P30io„6li20( c) + 2.71 ± 0.02 K.cals mole 1
The materials used for these experiments were slightly
different from those used at 60°C. X-ray examination and
chromatographic analysis gave the following specifications : 
Na5P3010 (c.l) 99 ± 1% phas'e 1. 1 ± 1% phase 2.
Na5P3Oio (c.2) 98 ± 1% phase 2. 1 ± 1% phase 1
1.% Na^ _P 2 0 7
NajP3 010o6H20 100% hexahydrate.
The slight corrections to the experimental results were 
made on the basis of these figures. The heat of solution of 
Na4.P207(c) was taken from data in Circular 500.
The final values obtained were - 
Na^P3O10 (c.l) -16.64 ± 0.04 K.cals. mole
Na5P3O10 (c.2) -14.05 ± 0.03 K.cals. mole”1
Na5P 30ia.6H20(c) + 2.71 ± 0.05 K.cals. mole"1
Weight 
Na^P ^ 0^ Auv expt.
Calibration 
Factor 
(uv/1 cal).
AH expt. 
(cals).
AH soln. 
(K cals mo
0.9389 +223.972 2.4939 -89.81 -35.188
0.9392 +224.547 2.4951 -90.00 -35.251
0.9374 +223.210 2.4883 -89.70 -35.201
0.9385 +223.934 2.4920 -89.86 -35.222
0.9386 +224.638 2.4937 -89.90 -35.234
Mean Value -35•219 + 0.022 K cals.mole 1
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TABLE
Heat of solution N a jOm phase 2 into 62% HC10A. + 
the stoichiometric amoimt of water required, at 58.96°C
Weight 
N a P o 0 io 
(g)
A,UV 
ozpt „
Calibration 
Factor 
(,uv/l cal.)
AH expt 
(cals„)
AH soln.
(K cals mole”1
0.9373 +207.088 2.4897 “83,18 “32.628
0.9389 +208.116 2.5010 “83.21 -32 0616
0.9391 +207.517 2.4936 “83.22 -32.599
0.9390 +207.853 2.4991 “83.17 -32.533
0.9392 +208.055 2.4982 “83.28 -32.619
Mean values “32.609 ± 0o0l8 K cals. mole
108o 
TABLE 14,
Heat of solution (NaH2P04 + 2Na2HP04.) into 
HC10a at 58.96°C
Weight
Taken
(g)
A ,uv 
expt.
Calibration 
Factor 
(jLtv/1 cal.)
AH oxpt. 
(cals).
AH soln.
(K cals mole”1)
1.0291 +142.490 2.495*4 -57.10 -22.410
1.0293 +142.933 2.4982 -57.21 -22.449
1.0297 +142.529 2.4913 ”57.20 -22.436
1.0309 +143.264 2.5009 -57.29 -22.446
1.0306 +142.582 2.4933 -57.19 -22.413
Mean value -22.431 ± 0,018 K cals. mole 1
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TABLE 9 5.
Heat capacity corrections 53*96 to 25°00oC
T°C
Cp
NaH2P04
Cp
2(Na2HP0.)
Cp
2(H20 1) Cp Na5F
Phase
1
'jOio( c) 
Phase 
2
ACp reaction 
Phase Phase 
1 2
25 27.93 64.68 36.00 78.16 77.72 +21.55 +21.11
30 28.23 65.24 35.93 78.81 78.32 -r21.32 +20.83
35 28.52 65.78 35.98 79 c 48 78.92 +21.l6 +20.60
40 28.82 66.32 35.98 80.13 79.50 +20.97 +20.34
45 28.97 66.82 36.00 80.79 80.08 +21.00 +20.29
50 29.40 67.32 36.00 81.44 80.66 +20.72 +19.94
55 29.68 67.82 36.02 82.10 81.24 +20.62 +19.76
60 29.95 68.30 36.04 82.75 81.82 +20.54 +19.61
Over the range 25 to 60°C the two equations below apply s 
ACp = 22.19 - 0.0305 T (°C) Phase 1.
ACp = 22.12 - 0.0443 T (°C) Phase 2.
Integration between 25.00 and 53.96°C gives the values below 
for j A Cp.dT
Phase 1 + 710 calories.
Phase 2 + 638 calories.
Heat Capacity references ;
Na2H2P04. (This work) , Na2HP04? Ha5P3O10 (1 and 2) (47)
H20 (1) (49)
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TABLE 26.
Heats of solution, sodrum triphosphates into water at 25°C 
Results of electrical calibration measurements.
Heat Supplied AR Cu resistor Calibration Factor
to Colorimeter (ohms) (eals/1 ohm.
ilL
15.316 0.04613 332.0
14.011 0.04219 332.1
17.626 0.05315 331.6
17.103 0.05166 331.0
16.233 0.04885 332.3
3.040 0.00918 331.0
2.506 0.00752 333.3
2.881 0.00857 336.0
The mean value for the first five results is 331*8 ± 0.4 
cals. ohirf1
Na^P30io phase 1 3 heat of solution into water at 25°C.
W e ig h t  
STP 
( g )
AR Cu 
(ohm s)
AH e x p t .  
( c a l s ) .
M i l l im o le s
S.T.P.
D i l u t i o n  
(STP ; II20)
AH s o ln  
(K.c a ls  
m o le " 1
0.3831 0.05216 -17.307 1.041 1 ' 5332 -16.619
0.4018 0.05471 -18.183 1.092 1 s 5083 -16.620
0.3874 0.05260 -17.453 1.053 1 s 5272 -16.573
0.3787 0.05162 -17.127 1.029 1 ? 53 9 5 -16.636
0.3922 0.053 3 2 -17.705 1,066 1 ; 5207 -16.606
Mean Value -16.61 ± 0.02 K.cals mole 1
TABLE 38.
NajP3O10 phaso 2? heat of solution into water at 25° C
Weight
STP 
( g)
AR Cu 
(ohms).
AH expt. 
(cals).
Millimoles
STP
Dilution 
(STP;H20).
AH soli 
(K cal, 
raola"i'
0.4017 0.04640 -15.396 1.092 1 s 5033 -14.099
0.3840 0.04431 -14.702 1.044 1 S 5317 -14.084
0.3802 0.04393 -14.576 I.O34 1 ? 5368 -14.103
0.4098 0.04742 -15.734 1.114 1 ; 4983 -14.124
0.3933 0.04550 -15.097 I.O69 1 ■ 5192 -14.121
"i
Mean value - 14.11 ± 0o02 K cals. mole
Na 5P,Oio.6H20( c), heat of solution into water at 2yC.
all expt. 
(cals).
Weight 
STP 
( g)
4R Cu 
(ohias)
Millinoles
STP
Dilution 
(STP:H20).
iH soln.
(K cals.mole
0 .4993 -0.00853 +2.830 1.050 l s 5293 +2.695
0.5106 -0.00877 +2.910 1.073 l ’ 5179 +2.713
0.5073 -0.00876 +2.907 1.066 l ; 5213 +2.727
0.5133 -0.00881 +2.923 1.080 l : 5146 +2.703
0,4864 -0.00327 +2.744 1.022 1 : 5438 +2.665
Mean value + 2,71 ± 0o02 K 0cals mole 1
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(6) The heat of neutralisation of THAK.
The results for this chemical check of the calorimeter 
performance are given in Table 40. The mean value obtained 
was -7112 ± 5 calories mole”1 .
TABLE 40.
Heat of neutralisation of TEAM by Q.1M aqe HC1 at 2?°C.
Weight 
TEAM 
(g)
A /xv 
expt.
Calibration 
Factor 
(|.iv/l cal.)
AH expt. 
(cals 0)
AH/lg.TEAM 
(cals).
AH soln. 
(Cals .mole"*
0.5331 +13.053 0.41302 -31.60 -53.73 -7114
0.5427 +13.167 0.41281 -31o90 -58.78 -7120
0.5269 +12.792 0.41333 -30.94 -53.72 “7113
0.5311 +12.883 0.41362 -31.15 -58.65 -7105
0.5450 +13.215 0.41332 -31.97 -58.66 -7106
Mean value -7112 ± 5 calories mole 1
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IV, Discussion,
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A. Heat Capacity Measurements.
The main results of section IIIA are summarised below °
Cp 298 S' 298 cal.deg 1 (H~2qg-H°n)
deg.“i mole 1 mole”1 cal.rnole “i
ex. A1203 18.85 12.15 ± 0.06 2392
NaH2P04 (c) 29.97 30.47 i 0.1 4750
P4010 (Hex), Series 1 50.61 54.66 0.15 8114
P4O10 (Hex). m 2 50.60 54.70 ± 0.15 8117
P4Oi0 (Hex). Mean 50.61 54.68 ± 0.15 8116
Comparison of the experimental results for the molar 
heat capacity of a alumina with the corresponding figures 
obtained at the National Bureau of Standards, Washington 
(Ref, 38) is illustrated in Figure 10, Over the range 
180-320°K agreement is within ± 0.1$, belowl80°K this figure 
increases somewhat. However the conclusion that the 
apparatus yields accurate data is justified and the two 
values for the standard entropy - S°298 = 12.17 ± 0,03 cal.
FIGURE IO
PEV\ft-tiod OE Cp* HebOlTS F Q * .« t t \x0^ PROM N.E-S. VM.U€<,
ISOSo
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deg. mole 1 (N.B.S.) and 12.15 ±  0.06 calc deg.”1 mole”1
(this work) are in good agreement.
It had been expected that a lambda transition would 
be detected at about 80°K during course of measurement on
NaB^PO^o Such transitions have been observed for a number
5o 3 5 1 52 53
of similar salts (KH2P04 , NH^HgPO* , NH^HgAsO^ )
but one was not detected in the case of NaH2P04. The
tetragonal dihydrogen orthophosphates and arsenates of
potassium* rubidium and caesium are all ferroelectric 
5 4--6 2
materials and both this property and the observed
lambda transitions are probably due to the particular crystal
structure of the materials. No details of the structure
20
of NaH2P04 are available but preliminary information 
shows that it is monoclinic - the other materials are all 
tetragonal. Figure 11 compares the heat capacity of NaH2P04 
with that for KH2P04 and illustrates the differences.
F I G U R E
m o i a R .  f r R A T  c a P R O T V  1 ?< VO -,
SS -1
MOLAR. HEAT
taHPtRA'toRa
ISO
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The two series of results from, measurements on P4.O10 
are in excellent agreement over the complete temperature 
ranges (Tables 11 and 12? pages 70? 71). The mean value for 
the standard entropy S°298 = 54.63 ± 0.15 cal. deg.”1 mole”1 
is in agreement with the only other experimental value 
- 56.0 ±1.5 cal. deg.”1mole”» (Ref. 12.) Of the
various estimates of this quantity described in the
. 1 7
Introduction (Table 1, page 67) only that due to Topley
.0
(S 298 - 51±4 cal. deg. mole ) falls close to the 
experimental value.
The extension of the heat capacity measurements on 
hexagonal P^CRq to temperatures above say 5°0^K? would be 
precluded by the transformation of the thermodynamically
1 5
metastable hexagonal material to other more stable forms 
An attempt is made below to calculate from lattice theory 
using the experimental heat capacities determined for this 
work? the high temperature heat capacity and thermodynamic 
properties of hexagonal P^O10. In addition the thermodynamic 
properties of P4O10 gas were calculated from data provided by 
the same analysis of the heat capacity results. Previous
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attempts to calculate such data for P4010 gas have been 
considerably restricted by the lack of knowledge about 
three triply degenerate fundamental vibrational frequencies 
forbidden in both infra-red and raiaan.
B e Frequency Assignment for Hexagonal P4.CR0 and 
Calculated Thermodynamic Properties,
The constant pressure heat capacity Cp° of a molecular 
solid such as hexagonal P^CRo can he represented as due to 
the sum of four separate contributions.
(1) A lattice vibration (3 degrees of freedom) The acousstical
branch
(2) A molecular torsional (3 degrees of freedom)
mode
(3) Internal Fundamental (3^-6 degrees of The optical 
Vibrational Frequencies freedom where N= No, branch,
of atoms per molecule)
(4) The (Cp-Cv) lattice expansion term.
Contributions to the heat capacity from Deiye characteristic
temperatures Qp were computed from the tabulations in Ref.42?
contributions from Einsten frequencies were obtained from
Ref. 67o A frequency w is related to its characteristic
temperature Q by the equation Q = wh where h and k are
k
the Planck and Boltzmann constants respectively.
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The frequency assignment for the first two contributions 
is fairly straightforward. At low temperatures (< 30°K) 
the contributions from (3) and (4) are negligible so that the 
experimental heat capacity derives entirely from the acoustical 
branch. Two triply degenerate frequencies which reproduce 
the low temperature heat capacity curve are obtained from the 
experimental results. The best agreement with experiment 
should be given if the lattice vibration is assigned as a 
Debye frequency and the torsional mode as an Einstein 
frequency - however in practice either one Debye frequency 
with six degrees of freedom or two different frequencies 
(each three degrees of freedom) will introduce little error 
to the subsequent calculations? always providing that some 
sort of fit has been made to the low temperature heat 
capacity data. Since the validity of this statement is 
important for the P4.010 work a suitable example can illustrate 
the point.
Heat capacity data for toluene, below 30°K was used 
to fit firstly a Debye lattice characteristic temperature 
and an Einstein torsional frequency (each three degrees of 
freedom) and secondly a single Debye lattice characteristic 
temperature with six degrees of freedom. These were then 
used to calculate acoustical branch contributions to the
123 o
molar heat capacity of crystalline toluene - the table 
below illustrates the agreement, which above 40°K is 
excellento
QD = 91°X ^ Qd = 125°K
Wg = 32 cm
30 5.80 5.71
40 7 o69 7 .6 5
50 8o90 8 .89
60 9.69 9.69
70 10 . 22 10.19
80 10o 58 10.58
90 10. 84 10.84
100 11.04 11.04
120 11.30 11.30
140 11.46 11.46
Due to anisotropic effects on the two frequencies of 
the acoustical branch a value for a frequency at say 20°K 
will be quite different from that at one or two hundred °K.
So the derived frequencies obtained from heat capacity 
results below 30°K will not strictly be correct for use at 
higher temperatures. However the magnitude of this effect 
is much smaller than might be imagined and again, since this
is important for the p4.O10 work? an appropriate example
illustrates the point.
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Becka and Cruickshank from their study of 
hexamethylenetetramine gave the following temperature 
dependencies of the Debye and Einstein characteristic 
temperatures.
Qd = 120 - 0.05 T (°K)
Qe 7 2 - 0.025 T (°K)
Calculation (this work) of two frequencies which
6 4-
gave a good fit to the low temperature heat capacity data 
yielded the values = 118°K and w^ =49 cm 1. Comparison 
of the two sets of calculated low temperature heat capacities 
is given below 2
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T°K Expt. Cp° Becka & Cruickshank QD - llS°K
   CP vjg 49 cm 1 Cp
5 0.03 o„oo6 0.036
10 0.57 o . 5 i 0 .54
15 2.12
oo
e
OJ 2.08
20 3 <>94 3.87 3.95
25 ? o 58 5.53 5.60
It is apparent that the temperature dependant frequencies from 
Becka and Cruickshank give fairly poor agreement3 however 
comparison at higher temperatures shows that both sets of 
data coincide e.g.
~  Becka & Cruickshank Qq = 118°K WE 49 crrT1
T K Lattice Heat Capacity. Lattice Heat Capacity
30 6.85 6.89
40 8.62 8.63
50 9.65 9.65
60 10.29 10.27
70 10.70 10.68
80 10.97 10.95
90 11.17 11.14
100 11.31 11.29
150 11.66 11.64
200 11.73 11.76
2 50 U .8 3 11.82
300 11.86 11.85
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It can - be concluded that providing some sort of fit be 
made to Ion temperature heat capacity results9 the desired 
Debye ’and Einstein frequencies? or simply Debye frequencies 
alone, will yield lattice heat capacity contributions which 
are virtually correct at temperatures above 40°K„ The 
reason for this lies in the fact that the approach to the 
classical lattice heat capacity 6R is so very rapid that only 
small errors can be introduced,,
For the case of P^Cho two Debye characteristic 
temperatures were obtained which gave an accurate fit to 
the low temperature heat capacity results; the values 
QD = 30°K and Qp = 120°K each with three degrees of freedoms 
gave the results below s
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T°K CP° Expto Qd 3° k . Qd
Cp0
12o5 Io90 I089
1? 2o 3l 2 080
17 . 5 3-70 3.7i
20 4o55 4,53
22,5 5*36 5° 33
25 6 o 09 6.09
120°K
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Contribution (3)
The contribution (3) of the internal fundamental 
vibrational frequencies to the molar heat capacity is also 
straightforward. P^Oxo (hexagonal) is of Td symmetry and 
will have 38 fundamentals. Due to the high symmetry many 
of these will be degenerate and the full assignment is '
3 of species Ax 
3 of species E 
6 of species F2 
3 of species Fi 
The three triply degenerate Fx fundamentals are forbidden 
both in the infra-red and raman3 the remainder have all been
2 2 5 2 1
determined by spectral analysis of the hexagonal solid 
The observed assignment is as below % (in units of cm 1)
A1 424 ? 7219 1417
F, 273 3 650 3 952.
f2 257 3 3295 573 3 7643 10153 1390.
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Contribution (4)
The contribution of the (Cp - Cv) term is a little 
more difficult. As for most compounds? the absence of 
compressibility and thermal expansion coefficients fo f P 4-^10 
precludes the rigorous calculation of this quantity. There 
are no available methods for estimating it from first 
principles and even the variation as a function of temperature 
is not defined for the general case (always assuming there 
is a general equation)„ Since it was essential to know the 
type of temperature variation to be expected for P401G a 
number of calculations, using compounds with accurate low 
temperature heat capacity results and full-vibrational 
analysesj were carried out to determine the magnitudes of 
the (Cp-Cv) terms and the variations with temperature.
Contributions to the heat capacity from Debye 
characteristic temperatures were computed from the 
tabulation in Ref. 42. Contributions from Einstein
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frequencies were obtained from Ref0 6'7o Contributions 
from restricted rotor frequencies were obtained from 
Ref. 42 and Ref. 67=
For all these compounds? using the experimental heat 
capacity results at temperatures below 25°K? lattice and 
torsional frequencies were obtained which were used to 
calculate contributions at higher temperatures. The 
internal vibrational contributions were summed using gas 
phase data and the total lattice + torsional + internal 
contribution was sub \tra cted from the experimental heat 
capacity - the residue was the (Cp~Cv) term. Full 
details of all the calculations are given in Tables 41-47 
and figure 12 illustrates the variation of the (Cp-Cv) 
terms with temperature. It was found for all the
ncompounds that the general equation (Cp-Cv) -• a T 
applied? where a and n are constants for any particular 
compound. Figure 13 illustrates this point, where log T 
is plotted against log (Cp-Cv) (slope n intercept log a). 
Included in Figures 12 and 13 are the results for (Cp-Cv)
6 8
of rhombic sulphur as calculated by Eastman and hcGarock
(adjusted to S3 for this work) and also the (Cp-Cv) data
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for benzene from the work of Lord, Ahlberg and Andrews
(the various contributions to the heat capacity calculated
o
by rhese authors were subtracted from the experimental Cp 
data to give the values for Figures 12 and 13).
To be strictly rigorous the (Cp-Cv) term as derived 
above will contain a small contribution from the difference 
between gas and solid phase vibrational contributions? since 
it was gas phase vibrational data that was used for the 
calculations - thus the general equation found to apply is
(Cp-Cv) + (ZC yjg13 - £C = aT11
It would seem very reasonable that hexagonal would
also obey the same (Cp-Cv) general equation.
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TABLE 41,
Contributions to the Heat Capacity of solid CH3SH
Experimental Heat Capacity Ref0 72
Fundamental Frequencies Ref. 73
Hindered Rotor Frequency Ref0 74
Calculated Debye = 123°K (3 degrees freedom)
Calculated Einstein = 122 cm”1 (3 degrees freedom)
T°K Qd 123°
Hindered Funda­
Expt. 
Cp°
Wt? 122 Rotor mental £ Columns (cp-cv;
chT 1 246 cm”1 Frequen­
cies .
3 5 4 3 5 ? 6.
40 5.425 3.377 1.461 0.022 5.360 0 „ 061
?o 7.053 4.435 2.331 0.084 6.900 0.158
6o 3.333 4.875 3.057 0.191 8.123 0.210
70 9.411 5-133 3 0 618 0.320 9.079 0.332
80 10.300 5.312 4.053 0.477 0.001 9.848 0.457
90 11.081 5.439 4.333 0.626 0 „ 004 10.452 0.629
100 11.735 5.533 4.641 0.767 0.011 10.952 0.333
110 12.433 5.604 4 o842 0.894 0.023 11.363 1.075
120 13.080 5.659 5.004 10 008 0.046 11.717 1.363
130 13.740 5.702 5.133 I .109 0.078 12.022 1.713
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TABLE 42.
Contributions to the Heat Capacity of solid CE3OH
Experimental Heat Capacity Ref0 75
Fundamental Frequencies Ref0 76
Hindered Rotor Frequency Ref. 77
Calculated Debye Qq = 133°K (3 degrees freedom)
Calculated Einstein Wjj, = i6l cm"1 (3 degrees freedom)
1 
lU 0
J 
hi Expt 0 
Cp6
Qd 133° wE 161
cm 1
Hindered 
Rotor 
3 75 cm”1
Funda­
mental 
Frequen­
cies .
E columns 
3 ? 4 j 5? ° «
(Cp-C'
18 1.00 1.000 1.00
20 1. 285 1.277 0o007 1,28
2? 2 „ 04 1.981 0.043 2.03
30 2 0 79 2.629 0.158 2.79
40 4o30 3.632 0 „ 614 0o001 4.25 0.05
50 5.69 4.233 1.269 0o005 5.56 0.13
60 6 o90 4.720 1.952 0 o 020 6.69 0.21
70 7.96 5.010 2.570 0.053 7.63 0.33
80 8 „ 89 5.212 3.095 0.107 8.41 0.48
90 9.70 5.359 3.529 0.179 9.07 O.63
100 10.43 5.467 3.333 0,265 9o62 0.81
110 11.14 5.547 4.173 0,360 10.03 1.06
120 11.81 5.610 4.410 0.458 10.48 lo33
130 12.47 5.661 4.606 0.557 10.82 1.65
140 13.12 5.701 4.769 0.831 H .30 1.82
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TABLE 43.
Contributions to the Heat Capacity of solid P0C13
Experimental Heat Capacity & Fundamental Frequencies Ref. 78 
Calculated Debye = 33°K (3 degrees freedom)
Calculated Einstein = 64.5 cm 1 (3 degrees freedom)
T°K Expt.
Cp
Qd 33° w 64.5 Fundamental 2 Columns (Cp-Cv;jjj -1cm 1 Frequencies D 31 4, 5.
40 9.033 4.851 3.873 0 o 212 3.941 0.097
50 10„466 5.214 4.509 0.599 10.322 0.144
60 11.728 5.428 4.903 1.163 11.494 0.234
70 12.377 5.563 5.160 1.836 12.559 0.318
80 13.909 5.652 5.336 2.559 13.547 0.362
90 14.895 5.715 5.460 3.292 14.467 0.428
100 15.843 5.761 5.551 4.011 15.323 0.520
120 17.604 5.320 5.673 5.367 16.860 0.744
140 19.155 5.859 5.743 6.592 13.199
19.361
0.956
160 20.653 5.883 5.797 7.681 1.292
180 22.021 5.893 5.831 3.641 20.370 1.651
200 23.276 5.910 5.356 9.481 21.247 2.029
220 24.477 5.919 5.874 10.221 22.014 2.463
240 25.627 5.928 5.338 10.866 22.682 2.945
260 26.788 5.931 5.893 11.436 23.264 3.524
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TABLE 44o
Contribution to the Heat Capacity of solid SO?
Experimental Heat Capacity Ref. 79.
Fundamental Frequencies Ref. 14,
Calculated Debye = 121°K (3 degrees freedom)
Calculated Einstein = 114 cm 1 (3 degrees freedom)
T°K Expt o 
Cp°
Qb 120° Wxr> 13-4
j2J —  T
cm
Fundamental 
Frequencies„
E Columns
) 9. 1 *0 J o
(Cp-Cv;
15 0.33 0.81 0.01 0.82 0.01
20 1.68 1.56 0.11 1.67 0.01
25 2.72 2.31 0.36 2.67 0.05
50 7.36 4.525 2.605 7.13 0.23
6o 8.62 4.905 3.31 8.22 0.40
80 10.32 5.33 4.23 0.01 9o 57 0.75
100 11.49 5.55 4.79 0.06 10.40 1.09
120 12.40 5.67 5.11 0.15 10.93 1.47
140 13.31 5.74 5.32 0.27 11.33 1.98
160 14.33 5.79 5.47 0.41 11.67 2.66
l8o 15.42 5.33 5.57 0.57 110 97 3c45
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TABLE 45.
Contributions to the Heat Capacity of solid CO?
Experimental Heat Capacity ' Ref, 80o
Fundamental Frequencies Ref0 14.
Calculated Debye = 140°K (3 degrees freedom)
Calculated Einstein wr = 114 cm 1 (2 degrees freedom)
T°K Expt.
Cn
Qd 140° Wt? 114ill —
c m  1
Fundamental 
Frequencies.
E Columns
3 ? 4 ■) 5«
(Cp-Cv)
15 0.54 0.543 0.00(3 0.56
20 1.23 1.138 0.073 1.21 0.02
25 2.14 1.806 0.243 2.05 0.09
50 6.10 4.150 lo737 5-39 0.21
6o 7.18 4.608 2.207 6.81 0.37
8o 8.53 5.140 2.332 7.97 0.61
100 9.51 5.416 3.191 0.025 3.63 0.88
120 10.30 5.573 3-409 0.085 9-07 1.23
140 11.04 5.672 3 - 549 0.197 9.42 1.62
16 o 11.77 5.733 3.644 0.357 9.74 2.03
180 12.61 5.785 3-710 0.552 10.05 2. 53
I '■) n -JO <
TABLE 46o
Contributions to the Heat Capacity of Ferrocene
Experimental Heat Capacity Ref0 8l
Fundamental Frequencies Ref. 81, 82
Calculated Debye = 80°K (3 degrees freedom)
Calculated Einstein up, = 66 cm 1 (3 degrees freedom)
Hi
Calculated Hindered Rotor Frequency = 112 cm 1
T°K
_ C\ Hindered
Expt o 
Cpb
Qd 8o° w-rr 66ill —1
cm
Rotor 
112 cm”1
Fundamental
Frequencies
2 Columns
3 »4,5?6
(CP "
Cv'
20 4.130 2.999 1.186 0.041 0.003 4.229
25 5.910 3.753 2.017 0.131 0.021 5.922
30 7.335 4.277 2.740 00?o9 0.076 7.370
40 9.638 4.920 3.804 0.595 0.335 9 .0 54
JO 11.46 5.262 4.452 0.892 0.757 11.363 0. 10
60 12.96 5.463 4.859 1.125 1.281 12.728 0. 23
80 15.45 5.672 5.308 1.432 2. 512 14.924 0. 53
100 17.68 5.775 5-533 1.608 4.017 16.933 0. 75
120 20.22 5.829 5.660 1.714 5.817 19 0 020 1. 20
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Contributions to the Heat Capacity of White Phosphorus P4,
Experimental Heat Capacity Ref. 83
Fundamental Frequencies Ref. 84
Calculated Debye = 68°K (3 degrees freedom)
Calculated Einstein = 72 cm 1 (3 degrees freedom)
T°K Expt . 
Cp
Qd 68° WE 7?
cm 1
Fundamental
Frequencies
E Columns 
3 94 9 5®
(Cp-Cv)
15 2 0868 2.549 0,285 2.834 0.034
20 4o 488 3.557 0,911 4.468 0.020
25 6.032 4.229 1.677 5.906 0.126
30 7.276 4.671 2.399 7.070 0.206
50 10.036 5.443 4.219 0.014 9.676 O.36O
100 13.124 5.825 5.456 0.950 12.231 0.893
150 16.548 5.899 5.730 3.186 14.815 1.733
180 18.900 5.917 5.800 4.539 16.256 2.644
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Using the two Debje frequencies obtained earlier and the 
known fundamental vibrational frequencies for hexagonal P^O10? 
a summed contribution to the solid phase heat capacity was 
calculated at 50? 100, 200 and 298.15°K. Subtraction of these 
summed values from the corresponding experimental figure 
left residual heat capacity values due to the (Cp-Cv) term 
and the three missing fundamentals - Table 48, below
Initial Contributions to the Heat Capacity of Hexagonal P^O^
TABLE 48
Qd = 120° and 80° Contribution duo 
Observed to (Cp-Cv) and
Fundamentals. missing fundamentalsExpt „
Each 3 degrees 
freedom
50 10.36
100 13.55
200 36.95
298.15 50.61
11.77
11.85
11.33
9.81 0.33
4.85
16.20
25.38
2.37
8.98
13.38
0.22
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Also using the accurate vapour pressure date of Southard 
9
and Nelson the entropy of sublimation of hexagonal P4O10, over
the range 590~6lO°K was calculated (Figure 14).
ASgug = 3?.4 ± 0„3 cal. dog.”1 mole”1 
Calculation of the contribution of the (Cp-Cv) term to the
entropy of hexagonal P4O10 at 600°K follows thus
GAS SOLID
iSSUB = ®GAS " SS0LID = CSTRANS + SROT + SVIB-I ~lSDEBYE + SVIB
+ 8( Cp-Cv) -1
2 1 \ 2
Using known structural data and C atomic weights 
the three principal moments of inertia of P^Oxc gas were 
calculated.
IX = ly = ~ 1.44672 x 10 37 g.cm.
and the product of these three
IX .IY .IZ = 3.02796 x 10' cm1
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Following Lewis and Randall the sum of the translational 
and rotational contributions to the molar entropy of P4010 
gas is given by
STRANS ^ROT ~ 24.3/932 + 18.30254 log 10 T ( K)
which at 600°K equals 75-23 cal. deg. 1 mole”1.
14.3.
The contribution to the entropy of hexagonal P4010 at 
600°K from the Lattice and Torsional Debye frequencies 
obtained earlier, was calculated to be 37.50 cal. deg.”1 mole”1, 
thus s
assub = 3?.4 ± 0.3 = [75.23 + 4 ib]-[37.50 + s ® ^ ID+ s(Cp_Cv)]
and S(c Cv) + = 2.3 ± 0.3 cal. deg.-1 mole"1
at 600°K.
This result and the results listed in Table 48 (column 5) 
were used in a process of simultaneous solution to obtain values 
for the three missing frequencies together with constants for 
insertion in the equation
^   ^ /s- J30LID _ GAS. mn( Cp-Cv) + (1 1 Cyjg) - a T
The values obtained were ?
W x 290 cm”1
W 2 = 463 cm 1
w 3 602
-1cm
0 ts 1 Cv) + (ecsolidVIB
EEflb = 8.71 X  10"4 T1 • 27
v IB
It will be apparent that the values for wx, w2 and w3 
do not directly correspond either to solid or gas phases. 
Their contribution to the heat capacity of either phase is 
precisely
rv ~GAS v pSOLID, , ,-v rSOLID , , ,[ s  Cyjg -  s q q B ] + l -  cVIB Wl w2 w3 j
where wx ' w2' and w31 are true solid phase fundamentals.
If to this is added the contribution from the known
CASsolid phase fundamentals the sun is precisely £ C y-j-g and 
thus wx 5 w2 and w3 can be used along with the known solid 
fundamentals for calculation of gas phase thermodynamic 
properties,
Similarly3 if to the above contribution is added that
from the (Cp-Cv) + (E term obtained along
SOT TDwith Wi w2 and w3 3 the sum is precisely £ ^y IB s0 "^at 
the three fundamentals derived wx w2 and w3 can be used 
along with the (Cp-Cv) + (£ C^ig10 " 2 eluation for
calculation of solid phase thermodynamic properties.
The values obtained for wx w2 w3 and the constants a 
and n are quite unique-ambiguity cannot arise and agreement 
with experiment is precise (Table 49)•
The values calculated for the thermodynamic properties 
of P 4.010 (hexagonal) and P^ Oxo (ideal gas) are given in 
Tables 50 and Jl. The accuracy expected? on the basis 
of the likely precision of the calculated fundamental 
frequencies is about ± 0,5a1 throughout.
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There are no accurate high temperature values for
thermodynamic properties of P 4O10 gas (or hexagonal solid)
which may be used to compare with the data obtained here.
The only experimental heat capacity measurements on P 4O10 (hex)
i 3
above room temperature were those due to Frandsen , these 
are of very doubtful value since under the conditions of his 
experiments the hexagonal P 4O10 in his calorimeter would have
been converted to a more stable form. A number of
12? i4? i7?20a 3 71 _ .. ,
reports give values for thermodynamic
properties of P4010 ideal gas which are all based to some
extent upon estimate. All are compared in Table 52 with
the results obtained here. Only the values from Ref. 20a
are in fair agreement (about 1% less than the present values).
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TABLE 50
Molar Thermodynamic Properties of Hexagonal P^010
T°K
298.15 54.68 8116
500 85.41 20216
600 98.15 27206
700 109.57 34623
TT^ -rj-0 / p O  OH -H2 9 8 C L -PI oap,)
T
-54.68 
12100 - 61.22
19090 -66.33
26507 -71.71
cal.deg.”1 cal. cal.deg.”1
149.
TABLE 51.
Molar Thermodynamic Properties of ideal gas.
T°K
00
S° H°-Ho H°-H°98 (g°-h2)
T
(0°-Hf9sl
T
273.1? 42,?8 90.46 6097 -68.14 -94.49
298.1? 45.49 94.31 7198 -70.17 -94.31
300 45.69 94.60 7283 85 • -70.32 -94.32
400 54.81 109.07 12337 5139 -78.23 -96.23
?00 61.04 122.02 18149 10951 -85.72 -100.11
600 65.35 133.55 24481 17283 -92.75 -104.74
700 68.39 143.87 3H77 23979 -99.33 -109.61
800 70.60 153.15 38132 30934 -105.48 -114.48
900 72.23 161.56 45278 38080 -111.26 -119.25
1000 73.47 169.24 52565 45367 -116,68 -123.87
1100 74.42 176.29 59961 52763 -121.78 -123.32
1200 75.17 182.80 67442 60244 -126.60 -132.60
1300 75.76 188.84 74990 67792 -131.15 -136.69
1400 76.25 194.47 82591 75393 -135.48 -140.62
1?00 76.64 199.75 90236 83038 -139.59 -144.39
1600 76.97 204.70 97918 90720 -143.51 -148.00
1700 77.25 209.38 105629 98431 -147.24 -151.48
1800 77.48 213.80 113366 106168 -150.82 -154.82
1900 77.68 218.00 121125 113927 -154.25 -158.04
2000 77.35 221.99 128902 121704 -! 57. __ -161.14
cal.
deg."1
cal.
deg.”i
cal. cal. cal.deg,_1 cal.deg."1
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Comparison of Entropy Data for p 4.O10 ideal gas 
(cal. dego"1 mole”i)„
T°K
This
work
JANAF 
Ref.12.
Refo13/14 
Based on 
Spg8 fr0111 
this thesis,,
Topley 
Ref.17
Albright 
8: Wilson 
Ref.20(a)
Dow 
Ref .71
298.1? 94.3 92.4 92 93.2
?00 122-0 118.8
1000 169-2 165.1 165 163 166.6 172.8
1500 199-7 195.4 195 197.0
C\!OCM
2000 222.0 217.6 224.6
151.
A Third-Law treatment of the available vapour pressure 
measurements on P 4.O10 (hex.) was carried out using the 
thermodynamic data in Tables 50 and 51. Table 53 lists all 
the calculations and Figure 15 illustrates the results.
The mean value obtained for the heat of sublimation of
the hexagonal solid at 298°K was + 24.20 ± 0.1 K.cals mole 1.
i
Using the standard heat of formation from Sgan & Luff for 
hexagonal p 4.O10 (-719.40 K.cals mole 1) the standard heat of 
formation of the ideal gas.
AHf°98 P4.O10 (i.g.) = “695.20 ± 2 k.cals. mole 1 
Examination of Figure 15 shows that there is little apparent 
drift in the value for the heat of sublimation over the range 
of temperature of the measurements (490-670°K). This is an 
important test of the validity of the derived thermodynamic 
properties of gas and hexagonal solid.
Two experimental values of the heat of sublimation
i 3
are available for comparison. That due to Frandsen ? as 
mentioned earlier? is suspect - Frandsen obtained 17*6 ± 2.6
K.calsc mole 1. From vapour pressure measurements Southard
9 -
and Nelson obtain 22.7 ± 1 k.cals. mole”1? applicable at the
mean temperature of their measurements i.e. about 600°K°, by
correcting their value back to 298°K using the enthalpy
data listed in Tables 50 and 51 the value 24.5 ± 1 k.cals.
mole”1 is obtained? which is in good agreement with the
figure obtained from the Third-Law treatment.
153.
Third-Law treatment of Vapour Pressure of Hexagona 2 2 4-0 io 
(Southard. cc Nelson Ref. 9).
T°K AG° SUB 
(-RT In p atm)
A(Grp - H29g)
T
TA(G§ - H°qS) ahsub 2<
489.35 +4885 -38.95 -19060 +23.95
526.15 +3704 -38.77 -20399 +24.10
525.35 +3747 -38.78 -20373 +24.12
551.55 +2878 -38.65 “21317 +24.20
551.55 +2858 -38.65 ”213-17 +24.18
574.05 +2078 -38.54 -22124 +24.20
574.45 +2070 -38.54 -22139 +24.21
597.95 +1221 -38.43 -22979 +24.20
597.95 +1225 -38.43 -22979 +24.20
623.35 +312 -38.30 -23874 +24.19
623.25 +309 -38.30 -23870 +24.18
623.15 +316 -38.30 -23867 +24.18
608.25 +864 -38.38 -23345 +24.21
610.75 +773 -38.36 -23423 +24.20
612.85 +691 -38.35 -23503 +24.19
615.35 +606 -38.34 -23593 +24.20
616.05 +583 -38.34 -23619 +24.20
573.35 +2122 -38.55 -22103 +24.23
573.55 +2113 -38.55 -22110 +24.22
556.75 +2704 -38.63 -21507 +24.21
556.85 +2704 -38.63 -21511 +24.22
contd/
154.
T°K AG° SUB 
(-RT In p atm)
A(Gy - 
T
) TA(G? - H°qS) 
T
ah§ub 29
589.65 +1524 -38.47 -22684 +24.21
589.25 +1529 -38.47 -22668 +24.20
589.15 +1534 -38.47 -22665 +24.20
609.75 +790 -38.37 -23396 +24.19
610.35 +773 -38.37 -23419 +24.19
610.85 +746 -38.36 -23432 +24.18
631.85 0 -38.25 -24168 +24.17
633.85 -50 -38.24 -24238 +24.19
634.05 -58 -38.24 -24246 +24.19
634.35 -68 -38.24 -24258 +24.19
634.45 -69 -38.24 -24261 +24.19
635.45 -97 -38.24 -24300 +24.20
635.85 -101 -38.23 -24309 +24.21
641.05 -124 -38.21 -24495 +24.37
641.95 -125 -38.20 -24522 +24.40
653.25 -144 -38.14 -24915 +24.05
662.45 -160 -38.10 -25239 +25.08
Smits, Parve, Meerman and de Decker, Ref.11
593 +1301 -33.45 -22801 +24.10
611 +647 -38.36 -23438 +24.09
629 -3 -38.27 -24072 +24.07
contd/
155.
T°K AG° SUB 
(-RT In p atm)
A(G? - H2°q3) 
T
- h °q8)
m±
IHSUB 2<
642 -388 -38.20 -24-524 +24,14
652.5 -735 -38.15 -24893 +24.16
663.5 -1133 -38.09 -25273 +24.14
672 -1412 -38.05 -25570 +24.16
cal.mole 1 cal.deg.”1 cal.mole 1 K.cal.
mole”1 mole”1
' •) 
to
o
Co Heat of Solution Measurements.
The standard heats of formation from section III A 
are summarised in Table J4. The internal accuracy 
refers to the accuracy deriving from the experimental 
measurements and purities of the materials, the accuracy 
of calculated heats of reaction between the various 
compounds listed will depend upon these uncertainty limits, 
not upon the absolute accuracy which includes the 
contribution from the uncertainty in the heat of formation 
of hexagonal P 4O10 used as the basis for all the 
experimental reactions.
158.
TABLE 54.
AHf° n KcalSo mole"1 298
Internal Absolute
Accuracy.  Accuracy.
H 3PO4 in 0.64 H20 -305.88 _L 0.01 -305.9 4- 0.5
NaH2P04 (c) -368.96 _L 0.02 -369.0 i 0.5
Na2HP04 (c) -419.42 0.02 -419.4 ± o.5
Na3P04 (c) -459.65 ± 0.0.3 -459.7 0.5
Na3P04 in 93° h 2o -475.35 i 0.04 -475.4 i 0.5
Na2H2P207 (c) -664.68 ± 0.02 -664.7 ± 1.0
Na4P2 07 ( c) -763.73 ± 0.03 -763.7 ± 1.0
(MaP03) 3 (c) -878.58 ± 0.03 -878.6 ± 1.5
(HaP03)4 (c) -1169.38 i 0.04 »1169.4 i 2.0
NayP3Oi0 (c0i) -1056.48 ± 0.05 -1056.5 ± 1.5
NajPjOu (o.2) -1059.09 ± 0.03 -1059.1 ± 1.5
Na5P 3O10 in 5200 H20 -1073.14 ± 0.05 -1073.1 -L 1.5
Na5P 3010.6H20 (c) -1485.74 ± 0.07 -1485.7 1.6
159.
Heat of Solution/Neutralisation of TEAM
The value obtained for the heat of solution of THAM 
into dilute hydrochloric acid at 25° C is compared below with 
several recent determinations of this same quantity. The 
agreement is very good and the accuracy of the calorimetric 
equipment used for this work would seem to be quite suitable 
for precise measurements.
TABLE 551
Heat of Solution Tham into 0.1M hydrochloric acid
 __ Author AH (cal.mole ) at 25°C
Irving and Wadso Ref.46 -7104 ± 3
?f t?
Wadso (Recalculation of above -7110 ± 4
Jt n results) Ref.70
Wadso (Hew determination) Ref.70 -7112 ± 2
Gunn Ref. 66 -7107 ± 1
Prosen and Kilday Ref. 70 -7114 ± 1
Beezer & Mortimer Ref. 70 -7104 ± 4
This work -7112 ± 5
l6oe
Orthophosphoric Acid
Table ?6 shows the heat of formation of orthophosphoric
acid as crystalline9 liquid and aqueous material.
2 6
From the work of Egan and Luff the heat of dilution 
of the acid used for this work to oo dilution was calculated 
to be -4.269 K.cals.mole 1. This value and the other 
dilution heats from Egan and Luff were used to calculate 
the heats of formation of the aqueous acid.
Experimental heats of solution of crystalline H3PO4.
2 29
were obtained by Thomsen and Holmes
Thomsen AH solution to H3PO4 7?H20 “ 2.69 K.cals mole 1
Holmes 1 " " H3PO4. 37?H20 -2.6? K.cals mole”1
The mean value3 to ©o h20 is -2.90 ^ 0.1 K.cals mole”1
and leads to the standard heat of formation of the crystalline
acid -307.2? K.cals. mole 1.
The heat of fusion of crystalline H3P04 was determined
ij.
by Egan and Wakefield as +3*10 ± 0.0? K.cals. mole 1 and 
thus the standard heat of formation of the liquid acid equals 
-304.1? K.cals. mole”1.
i6r.
Standard Heat of Formation of Orthophosphoric Acid
Moles Ho0/1 mole HoPCM tH f° k.cals. mole”1
J T 298
0 crystalline H3PO4 -307.25
0 liquid H 3PO4 -304.15
0.6416 -305.88
1 -306.39
2 -307.35
3 -307.92
4 -308.30
5 -308.55
10 -309.17
15 -309.40
20 -309.52
2? -309.59
30 -309.65
40 -309.71
?o -309.76
75 -309.83
100 -309.87
200 -309.96
contd/
Moles H20/1 mole H3PO4
300 
400 
500 
1000 
2000 
3000 
4000 
5000 
7000 
10000 
20000 
50000 
100000 
eO
(contd)
AH f2 ^ 8 k.cals. mole”1
-309.99
-310.01
-310.03
-310.06
- 3 1 0 . 0 9
-3IO.IO
-310.11
- 3 1 0 . 1 1
-310.12
-310.12
-3IO.I3
- 3 1 0 . 1 4
- 3 1 0 . 1 4
-310.15
162.
As mentioned in the Introduction the values for the
heat of formation of aqueous phosphoric acid obtained by Thomsen
3 2 7
and vairan were summarised by the National Bureau of Standards
-1 2 9
in the value -309.4 K.cals. mole . Holmes , in a modern 
redetermination gives the value -308.2 ± 0.3 K.cals, mole”1. 
Both these values are at some divergence with the result from 
this work, at the same dilution, -310,10 ± 0.5 K.cals.mole 1. 
However, bearing in mind the likely accuracy of the early work 
(ca. ±0.5 K.cals. mole”1) the N.B.S. value is just about, 
compatible with the present figure.
Holmes' results, when recalculated using the same 
reference heats of formation as for this work (the only 
important difference being to use Egan's value for the heat 
of formation of hexagonal P 4.01Q instead of the value Holmes 
obtained himself) gave a value for the standard heat of 
formation of aqueous phosphoric acid of -310.1 ± 0.3 K.cals. 
mole'"1 - exactly the same as the result from the present work.
163.
The agreement is gratifying and would indicate that there is 
little wrong with the solution calorimetry - the source of 
the discrepancy apparently lies in the choice of a value for 
the heat of formation of hexagonal P^01C9 thus the N.B.S.
~i
summarised the early work in the value -720.0 K.cals.mole
3 29
(based mainly on the results of Giran )5 Holmes (I962)
-1 1
obtained -713.2 ± 1 K.cals. mole and Egan and Luff (1963)
~i
-719.4 ± 2 K.cals. mole . It is impossible to reconcile 
these last two values both having been obtained by similar 
bomb combustion work with white phosphorus.
Very probably the actual state of the P4.O10 produced 
in a combustion bomb could differ with alterations in 
geometry and conditions? there are known to be three 
crystalline forms of P4O10 and two liquids. X-ray examination 
would only detect upwards of 2% of a crystalline impurity and 
none at all of a glassy form? so it would in fact be very 
difficult to identify and correct for small amounts of 
forms other than hexagonal in a combustion product. Also? 
traces of water (from combustion of organic materials used 
to coat the white phosphorus) would react with the P4.O10 to 
give an acid product P ^ O xq x  H20, where x could be a number 
far smaller than the value 2 usually assumed (for formation 
of HPO3) and indeed could even be variable throughout the 
combustion product. These and other reasons combine to
indicate that static bomb combustion of phosphorus would be 
unlikely to produce results of high accuracy such as might 
be obtained by either direct wet oxidation in a '-suitable 
oxidising medium or a combination of combustion with hydrolys 
and oxidation of products in a rotating bomb.
Of the two modern values for the heat of formation of 
P^ Oioj that due to Egan and Luff was selected for use in this 
work. Their results were by far the most extensive and 
apparently the most accurate. Thus all the heats of 
formation obtained from this present work were based on a 
heat of formation for P^Cho (hex.) of -719.4 K.cal. mole
165.
Sodium Phosphates
As mentioned in the Introduction the various heats of 
reaction of earlier workers have been combined with the same 
reference heats of formation used for the present work so that 
heats of formation from all sources may be directly compared. 
Sodium Orthophosphates
The two nineteenth century values for the heat of 
formation of NaH2P04 (c) are in excellent accord with the 
present value*
30 -1
Berthelot and Louguinine 1876 -388„9 K.cals. mole
Thomsen2 1882 -368,9 K.cals. mole
-1
This work -369.0 K.cals. mole
The same authors provide values for the heat of 
formation of Na2HP04 (c)
30 -1
Berthelot and Louguinine 1876 -418,5 K.cals. mole
2 - 1
Thomsen 1882 -419.4 K.cals. mole
-1
This work -419.4 K.cals. mole
That due to Thomsen agrees with the result obtained here but 
the earlier value would seem to be in error.
There are available four values of the heat of
formation of Na3p04. (c) to compare with the present figure.
30 -1
Berthelot and Louguinine 1876 -459-2 K.cals. mole
2
Thomsen 1882 -460.2 K.cals. mole
34 -1
Mixter 1909 -456.9 K.cals. mole
3 5 . .  “i
Meadowcroft and Richardson 19o.3 ”462.3 K.cals. mole
This work -459-6 K.cals. mole
The high level of disagreement may possibly be related
to the difficulty of obtaining pure crystalline Na3P04.
Thus the first two values show best agreement and as mentioned
in the Introduction they were obtained by measuring heats of
neutralisation of aqueous NaOH with aqueous H3PO4. which were
corrected to the crystalline state using a value for the heat
of solution into water of the Na3P04 used for the present work.
The other two values are based upon their own crystalline Na3P0
and show considerable disagreement - Mixters result,
-1
probably accurate to ± 4 K.cals. mole and being based upon 
only two experimental runs, can be discounted, however it is a 
little surprising that the modern result of Meadowcroft and
Richardson differs by such a large amount from the value 
obtained from the present work. It might be noted that in 
addition to their work with Na3P04 Meadowcroft and Richardson 
obtained heats of formation for Na4.P207 (c) and (NaP03)3 (c). 
All three values they obtain are considerably different from 
the results of the present work and other authors and it 
would seem probable that there was a systematic error in 
their measurements in favour of excessively exothermic heats 
of formation, they carried out no "standard1’ reaction to check 
their calorimetric reliability and unfortunately their 
individual heats of solution cannot be directly compared 
with any of the present results.
The purity of the Na3PO^ used for the present work 
was established by X-ray and chemical analyses - a figure 
of not less than 99% Na3PO^ (c) would be realistic.
168 „
Sodium Pyrophosphates.
2 ? 3
The two literature values for the heat of formation 
of Na2H2P207 (c) do not agree very well with the result from 
this work
Thomsen 1882 “666.1 K.cals. mole
3 . . -i
Giran 1903 -667.4 K 0cals. mole
This work -664„7 E 0cals0 mole
Somewhat better agreement is given by the results of
these same authors with the present value for the heat of
formation of Na^F^O? (c) 0 As mentioned earlier*, the result
3 5
from Meadowcroft and Richardson shows considerable 
divergence from the other values.
Thomsen 1882 -764.1 K.cals. mole
3 -1
Giran 1903 -762.2 K.cals. mole
Meadowcroft and Richardson 1963 -768.9 K.cals. mole
This work -763.7 K.cals. mole
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In the absence of precise details of the purities 
of the materials used by the two earlier workers, little 
useful comment may be made. The material used for the 
present work was carefully prepared and impurity levels 
were established by chromatographic and X-ray analyses.
Sodium Triphosphates.
2 oc
The value obtained by Wilmshurst and Paddock for
the heat of formation of phase 2 Na^P3O10 is in good agreement
with the value from the present work. That due to Knight and 
2 ob
Bigall is probably incorrect due to incomplete hydrolysis 
of triphosphate in their calorimeter - they used strong 
sulphuric acid at 80°C to effect the hydrolysis but in spite 
of the elevated temperature the hydrolysis rate would be much 
slower than that obtained with perchloric acid3 owing to
the very considerable difference in hydrogen ion activity.
20b -1
Knight and Bigall 1959 -1055.3 K.cals mole
2°C . -1
Wilmshurst and Paddock i960 -1059.7 K.cals.mole
-1
This work -1059.1 K.cals.mole
There are no literature values for the heat of formation 
of phase 1 Na£P3O10 but the various values for the heat of 
transition (phase 2 -» phase 1) at 25°C may be compared with 
the two values derived independently from the present work.
McGilvery,Filby and Jeffes
2od -i
2.1 ± 0.2 K.cals. mole
4-0
McGilvery 2.1 ±0.2 K.cals. mole
2 ob
Knight and Bigall 2.57± 0.28 K.cals. mole
This work (solution into _i
water at 25°C) 2.59± 0.05 K.cals. mole
This work (hydrolysis in HC104
at 60 C, Cp corrected) 2.63± 0.05 K.cals. mole
The two values obtained here are in excellent agreement, 
bearing in mind the very different processes involved. They 
show good agreement with the value due to Knight and Bigall 
(in spite of reservations about the absolute values of their 
heat of solution results, the fact that both phases of 
Na^P3O10 hydrolyse at about the same rate would mean that 
the difference in their heats of solution for both phases 
should give a reliable value for the heat of transition).
The results of the other authors do not agree and 
would seem to be in error, probably due to the presence of 
unsuspected phase 2 impurity in phase 1 material.
Sodium Metaphosphates„
The two early literature values for the heat of 
formation of sodium metaphosphate trimer are in excellent 
agreement with the result from the present work. Again, 
as mentioned earlier, the result from Meadowcroft and
Richardson would seem to be in error.
2 - 1
Thomsen 1882 -878.7 K.cals. mole
Giran3 1903 -879.0 K.cals. mole
3 5
Meadowcroft and Richardson 19&3 -881.1 K.cals. mole
This work -878.6 K.cals. mole
There are no values with which to compare the figure 
obtained during the present work for the heat of formation 
sodium metaphosphate tetramer. Also in the absence of 
knowledge about the relative magnitudes of the lattice ene 
of (NaP03)3 and (NaP03)4 little may be deduced about the 
comparative strain in either molecule. The two heats of 
formation per NaP03 unit are ? Trimer -292.86 K.cal. and 
Tetramer -292.34 K.cal.
Summary.
173.
Heat capacity measurements over the range 12 to 320°K 
have been completed for the compounds a A12C>39 hexagonal 
P 4-010 and crystalline NaIi?P04o Values for the derived 
thermodynamic properties are tabulated. Application of 
lattice theory to the results obtained for P4O10 has provided 
data for statistical calculation of gas and solid thermo­
dynamic properties to elevated temperatures, A third-law 
treatment of vapour pressure data for hexagonal P4O109 using 
the derived thermodynamic properties of gas and solid, has 
given a reliable value for the standard heat of sublimation 
at 25°C0
Heat of solution measurements have provided data 
for calculation of standard heats of formation at 25°C 
of a number of compounds of phosphorus ° H3PO4.5 NaH2P049 
Na2HP043 Na3P04? Na2H2P207? Na4P207, NajP3O10 (phases 1?
2 and hexahydrate), (NaPC^^ and (NaP03)4.
VI. Appendiceso
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APPENDIX 1.
A, Heat of formation of Pyrophosphoric Acid,
Giran measured the heats of the following reactions by 
hydrolysing pyrophosphoric acid with aqueous sulphuric acid,
H 4P207(c) + H20 (1) - 2H3P04(aq) A HR = -12,35 ± 0,2 K.cals.mole
H4P207(1) + H20(1) -> 2H3P04(aq) A H^> = =14,47 ± 0.2 K.cals.mole 
(His results were corrected for the presence of sulphuric 
acid)o
In addition he measured the heats of solution of the 
crystalline and liquid acid. These were respectively 
-7.93 and -10.22 K.cals. mole
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Substituting the value for AHf^gs H3PO4 (aq)
-1
obtained in this thesis (-310.0 K.cals,mole at the 
concentrations used) and that for H20 (1) from N 0B 0S. 
Circular 500 (-68.314 K.cals,mole )? the heats of 
formation of crystalline and liquid pyrophosphoric acids 
may then be calculated, and are respectively -539.34 and
=i
-537.22 K.cals.mole . The mean value for the heat of 
formation of the aqueous acid is calculated as -547.36 K
-l
mole
cals,
Bo Heat of formation of Metaphosphoric acid.
Giran3 measured the heat of the reaction below by
hydrolysing metaphosphoric acid with aqueous sulphuric acid
HP03(gl) + H20 (1) HTP04(aq) A H-n = ”12,91 A 0,5 K.cals,
mole"”1
His result was corrected for the effect of sulphuric 
acid - his meta acid was probably a glassy form. He also
measured the heat of solution of the metaphosphoric acid.
✓ -1 
AH soln0 = -9.76 K.cals. mole . Substituting the value
of AHf29g H3PO4 (aq), obtained in this thesis, (~310,0 K.cal
_i
mole at the concentration used), and that for H20 (1)
from N.B.S. Circular 500 (-68.314 K.cals. mole 1 ) allows
calculation of the heat of formation of glassy metaphosphoric
“1acid as ”228,78 K.cals, mole . Allowing for the heat
of solution the value of the heat of formation of aqueous
-1
metaphosphoric acid becomes -238.54 K.cals. mole
APPENDIX 2.
Hydrolyses of polyphosphates to orthophosphate such as 
Na5P 3010 + 2H20 - 2Na2HP04. + NaII2P0^
Na4.P207 + H20 - 2Na2HP04
NaP03 + II20 - NaH2P04
P 4.O10 + 6h2 0 -* 4H3P04
occur in aqueous solutions. These reactions are acid
6 5
catalysed the rate increasing with the hydrogen ion 
activity and also with increase in temperature.
The advantage of this type of reaction for obtaining 
calorimetric heats of formation of condensed phosphates lies 
in the fact that after solution and hydrolysis* the 
polyphosphates end up in solution in the same form as do 
the simple orthophosphates. It is however essential that 
quantitative hydrolysis occurs and a fair amount of 
preliminary experimentation was needed to establish suitable 
conditions. In order to retain accuracy during the 
calorimetric measurements hydrolysis times had to be kept 
below fifteen minutes* also from the point of view of
practical convenience a suitable maximum temperature was
between ^0 and 60°Co
The detection and identification of the anions present
during hydrolysis experiments was carried out by paper 
2 0 *4-5
chromatography . This technique allowed detection of 1%
*(or less in suitable cases) of any phosphate anion in solution 
and allowed adequate interpretation of the course of hydrolysis 
Perchloric acid was shown to be the most effective 
of the mineral acids for rapid hydrolyses and use of 62% 
aqueous acid at a temperature of 60°C completed the hydrolysis 
of all the condensed phosphates under review (and P40ic 
hex.) in less than 15 minutes. It was accordingly chosen 
as the calorimetric fluid for all the experiments 
involving hydrolysis of polyphosphate anions.
The degree of hydrolysis of the polyphosphates used for 
solution calorimetry experiments was checked by chromatographi 
analysis of calorimetric fluid after completion of each 
reaction. In addition* calculation of the calorimeter 
cooling constant k from the pre and post rating time/ 
temperature curves provided a very useful confirmation of 
complete hydrolysis.
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